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Foreword

One of the growing interest areas of nanotechnology applications is the develop-
ment of novel formulations of pesticides that are more efficient, targeted, and release
controlled. Such features may not only bring about cost savings but may also lower
the overall use of pesticides and thus contribute towards reducing the negative
impacts on human health and the environment. However, despite the novelty of the
approach, only a few research groups have so far ventured into this area of R&D due
to the current major gaps in knowledge. This book will, therefore, be useful in
enhancing the understanding of fundamental concepts, underlying mechanisms, and
state-of-the-art regarding nanopesticides.

The book is comprised of 11 chapters that are written by leading experts in their
respective fields. It takes an account of the cutting-edge of the technology, gives
pointers to the future directions of R&D, and identifies the areas where further
research is needed. In describing the new technology, the authors have taken a bal-
anced view by highlighting both the likely benefits and the potential risks of formu-
lating pesticides at the nano-scale. In particular, the nano-scale formulation of
natural pesticidal compounds, together with biodegradable polymers, can open up
numerous new possibilities for the development of safer products for the control of
a variety of pests of agricultural and public health importance. The Experts’ per-
spectives on the novelty, the future prospects and trends of the technology, and regu-
latory aspects will be equally informative for the developers, the regulators, and the
users of nanopesticides.

In this context, Chap. 1 has looked into the use of natural degradable polyhy-
droxyalkanoates (PHAs) for the development of embedded extended-release formu-
lations of herbicides and fungicides. It also provides example applications in
laboratory soil ecosystems in wheat plant communities infected with Fusarium sp.
and weeds.

Chapter 2 provides another interesting example of the development of smart for-
mulations based on biodegradable and eco-friendly nano-chitosan and their applica-
tion in fungal disease control.

The use of RNA interference (RNAI) is an interesting field of biotechnology that
has also been studied for potential applications in pest control. However, such
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viii Foreword

applications generally suffer from limitations in the delivery of dsRNAs to diffused
and dispersed pest populations in the field. This is where the use of nano-carriers
has been studied as a delivery vehicle for RNAi-based pesticides for the control of
agricultural pests. Chapter 3 presents an overview of the literature on this topic, and
discusses biosafety considerations in relation to the use of formulations based on
nano-carrier containing RNAI.

Chapter 4 is focused on discussing the interaction of nanopesticides with plants.
Such an understanding is fundamentally important to drive effective, safe, and sus-
tainable application of nanopesticides in agriculture. Whilst the discussion centres
around the conceptual basis, it also provides different examples of the uptake, mode
of action, and effects of nanopesticides in the context of physiological and meta-
bolic responses of plants exposed to nanopesticides. It also demonstrates prediction
models that can provide a hint on the likely response of the plants to a specific type
of nanopesticide.

Chapter 5 discusses the methods that can be used to study the behaviour and fate
of nanopesticides in aquatic and terrestrial environments. It discusses the advan-
tages and disadvantages of individual methods and highlights the important consid-
erations that are needed due to the nano-scale characteristics of nanopesticides
when using conventional environmental risk assessment methods.

Chapter 6 continues the theme of Chap. 4 to further discuss the interactions of
nano-enabled agrochemicals with soil microbiome that plays a vital role in main-
taining the soil quality as well as plant nutrition and health. Using examples of
formulations based on nano forms of copper and silver, as well as nanocarriers of
conventional pesticides, the chapter discusses the current state of knowledge in
regard to the potential prospects and implications of nanopesticides for the soil
microbiota.

Chapter 7 discusses bioactivity and environmental impacts of nano-formulated
insecticides. Whilst the comprehensive overview presented in this chapter includes
nano-formulation of synthetic pesticides, a particular focus is also on formulations
of natural insecticidal compounds, the use of which can be expected to further mini-
mize the environmental impacts. A similar theme is discussed in Chap. 8 in relation
to the environmental toxicity of nanopesticides against non-target organisms. The
comprehensive state-of-the-art overview concerns environmental safety of nanopes-
ticides against non-target model organisms (microbes, plants, worms, insects, algae,
daphnids, and fish). It also touches upon the various methods for characterization
for the study of interactions of nanopesticides with biological and environmental
systems, the use of nano-informatics, safety-by-design, environmental risk analysis
and management for responsible development and regulation of nanopesticides.

Chapter 9 provides an overview of the aspects relating to environmental safety
and regulation. Using a case study of nano-atrazine, the chapter discusses the cur-
rent limited knowledge in relation to the behaviour and fate, and the potential
adverse environmental impacts of nanopesticide formulations. It not only takes a
note of the new advancements but also highlights the main challenges in regard to
risk analysis of nanopesticides. This theme is further elaborated in Chap. 10 that
discusses risk assessment of nanofertilizers and nanopesticides. The review shows
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that environmental and human health impacts of the nano-agrochemicals are of gen-
eral concern. It highlights the scarcity of the relevant toxicological data to allow
adequate risk assessment. The impact of the such knowledge gaps is considered a
barrier to the development of regulatory policies, and, as a consequence, an obstacle
to new marketable products.

Finally, Chap. 11 provides a market analysis of nanopesticides at different stages
from R&D to the market. The market scenario depicts a continuous investment in
the technology and innovation to develop more effective products, in a framework
of mergers, ventures, and partnerships to accelerate the development and launch of
the products. The analysis indicates that the development of nano-encapsulated pes-
ticide formulations is currently an open field that can enable the development of
new original materials and formulations. The overview identifies the current status
and trends in the market, and provides a summary of the forthcoming technologies.
It discusses the key challenges in the scale-up, and identifies encapsulation of
microorganisms and dsRNA as new and emerging disruptive technologies.

In summary, the book provides an up-to-date account of the cutting-edge tech-
nology for the development of nanopesticides, its pros and cons, and potential appli-
cations in agriculture. It provides a balanced view of the innovations in this field in
consideration of both benefits and risks. The book is highly commended to all those
involved in R&D and safety/regulation of pesticides in an academic, research,
industrial, or regulatory setting.

University of Chester Qasim Chaudhry
Chester, UK



Preface

Nanomaterials have been contributing to agricultural science and technology in
various phases of production and commercialization. Especially, nanopesticides can
improve crop yields and are believed to reduce harmful effects on the environment.
Their benefits may include better stability, permeability, and dispersion of the active
ingredient, improved targeting to pest species, higher efficacy, decreased applica-
tion doses, prevention of premature degradation, and increased environmental
safety. Despite their promising use, it is necessary to study their accumulation in the
environment and their impact on non-target organisms and consequently on biodi-
versity and human health. Nowadays, there is a lack of worldwide data on nanopes-
ticide efficacy compared to conventional ones and on their environmental effects.
Considering these facts, we discuss in this book some recent features of nanopesti-
cide development, application, and toxicity evaluation. The book is organized into
11 chapters. Chapters 1-3 describe the use of different carriers for the controlled
release of active ingredients aiming at agriculture applications. Chapters 4-6
describe some methods used to understand the fate and behaviour of nanopesticides
in plants, soil, and water. Chapters 3 and 6 discuss their potential toxicity and
impacts on the environment. Chapters 7 and 8 showed the potential toxicity of
nanopesticides and their impacts on environment. Chapters 9 and 10 provide an
overview of environmental safety aspects and regulatory issues regarding nanopes-
ticides. Finally, Chapter 11 discusses the commercial aspects of nanopesticides in
crop production.

In this context, with this book, we intended to contribute to a broader perspective
of nanopesticide characteristics and risk assessment, regulation, application, and
marketing.

Sorocaba, Brazil Leonardo F. Fraceto
Jaguariuna, Brazil Vera Lucia S. S. de Castro
Ilha Solteira, Brazil Renato Grillo
Uruguaiana, Brazil Daiana Avila
Londrina, Brazil Halley Caixeta Oliveira

Sorocaba, Brazil Renata Lima
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Natural Degradable
Polyhydroxyalkanoates as the Basis

for Creation of Prolonged and Targeted
Pesticides to Protect Cultivated Plants
from Weeds and Pathogens

T. G. Volova, S. V. Prudnikova, N. O. Zhila, N. G. Menzyanova, E. G. Kiselev,
E. L. Shishatskaaya, and S. Thomas

Abstract The present chapter is a synthesis of the authors’ data on the design and
use of extended-release formulations of herbicides and fungicides embedded in a
degradable matrix of polyhydroxyalkanoates (PHA). The structure and physico-
chemical properties of the experimental formulations and the kinetics of their deg-
radation in soil and pesticide release have been reported. The favorable effects of the
application of the experimental pesticide formulations in laboratory soil ecosystems
in wheat plant communities infected with Fusarium plant pathogen and weeds have
been described.

Keywords Slow-release formulations - Poly-3-hydroxybutyrate - Antifungal
activity - Herbicidal effect - Controlled release - Physiological effects

1 Introduction

Increased accumulation of toxic and unrecyclable waste products caused by uncon-
trolled use of chemicals is one of the main global environmental problems. A way
to meet this challenge is to expand the use of tools and methods of biotechnology,
which may help to protect beneficial biota and enhance productivity in agriculture
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as well as reduce toxic impacts of chemicals on agroecosystems and the whole bio-
sphere (Gavrilescu et al. 2015). Intensive farming involves the use of enormous
amounts of various chemicals to control weeds, pests, and pathogens of crops.
However, most of these substances are accumulated in biological objects, contami-
nate soil and water environments, harm living organisms, and upset the balance in
natural ecosystems (Carvalho 2017).

One of the new directions aimed at reducing the risk of uncontrolled spread and
accumulation of pesticides in the environment is the development and use of pesti-
cides with a controlled release of the active substance embedded in a biodegradable
matrix or covered by biodegradable coating. Nanotechnology is currently an impor-
tant tool for increasing agricultural productivity. Nanotechnology-based systems
perform an active compound sustained release, keeping between minimal concen-
tration and maximum safe concentration. The nanotechnology-based systems
reduce the amount of active compound required for biological response, also reduc-
ing environmental contamination risks, energy consumption, and labor costs
(Oliveira et al. 2018, 2019).

An important component of the creation of such formulations is the availability
of suitable materials with the following properties (Yusoff et al. 2016; Sarkar
et al. 2018):

e ability to fit into the environment and global biosphere cycles, i.e.
degradability;

 safety for living organisms and the environment;

» prolonged (weeks and months) presence in the environment and controlled deg-
radation, during which non-toxic products are formed;

e chemical compatibility with fertilizers and pesticides;

» processability by generally accessible methods, which are also compatible with
technologies for the production of fertilizers and pesticides.

Encapsulation of pesticides is a relatively new approach, although the first papers
were published in the 1990s (Greene et al. 1992). Interest in such research is increas-
ing every year. The authors of those studies noted the following advantages of using
pesticide controlled-delivery systems:

* prolonged action due to continuous release of pesticides at a level sufficient for
effective function over a long period;

» fewer treatments due to prolonged action after a single application;

 shorter time needed to apply such pesticides;

¢ Jower contamination of the environment;

* longer activity of pesticides unstable in the aqueous medium;

e conversion of the liquid pesticide into the solid formulation, which simplifies
shipping and decreases flammability of the formulation;

* lower toxicity to biota due to the reduction of pesticide mobility in soil and,
therefore, lower accumulation in the food chain.

The key ingredient for the construction of slow-release formulations is the avail-
ability of the appropriate biodegradable carrier. Thus, it is important to find and
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investigate materials with the necessary properties. The materials extensively stud-
ied as matrices for embedding agrochemicals are synthetic nondegradable polymers
(polystyrene, polyacrylamide, polyethylene acrylate, polyamide, polyurethane,
polycyanoacrylate) (Sarkar et al. 2018). One of the new research areas is the use of
new pesticides formulations with controlled and targeted release of pesticide encap-
sulated in biodegradable polymer matrix (Grillo et al. 2014; Roy et al. 2014). In the
environment, the polymer matrix undergoes degradation by soil microorganisms
and there is gradual pesticide release into the environment (Ong and Sudesh 2016).
The use of such products will help to reduce the amount of pesticides used and
ensure the controlled delivery of pesticides during the whole growing season of the
plant, preventing sharp releases into the environment that occur when plants are
treated with free pesticides. These formulations can only be constructed if materials
with the following properties are readily available.

Achievements in science and technology determine a wider use of products syn-
thesized in biotechnological processes. Production of environmentally friendly
materials possessing new useful properties remains one of the main problems today.
The diversity of polymers with widely varying stereo-configuration and molecular
weight and the feasibility of producing various composites with different materials
create the basis for obtaining a wide range of new materials with valuable proper-
ties. Recently, there has been growing interest in biopolymers (polymers of biologi-
cal origin). There are two major kinds of biopolymers: polymers synthesized by
biological systems (microorganisms) and chemically synthesized polymers based
on biological feedstocks (amino acids, sugars, fats) (Chanprateep 2010).

2 Polyhydroxyalkanoates as a Basis for Pesticide Deposition

Among the biodegradable polymers that have already been developed or are being
developed now for various applications, including medical ones, there are aliphatic
polyesters, polyurethanes, polyamides, polylactides, polyglycolactides, silicon,
polyethylene terephthalate, etc. These polymers are promising materials for fabri-
cating biomedical devices, controlled drug delivery systems, degradable packaging
for food and drinks, products for agriculture and public utilities (Lobo et al. 2011;
Heng et al. 2017; Keskin et al. 2017).

Today, polyesters of monocarbon acids, polylactides (PLA) and polyglycolides
(PGA), are the most widely used biodegradable polymers. The second most popular
type of biodegradable polymers is polyhydroxyalkanoates (PHAs)—polymers of
hydroxy-derived alkanoic acids. PHAs have lots of attractive properties including
biodegradability and biocompatibility that make them promising materials for vari-
ous applications, including biomedical ones (Sudesh and Hideki 2010; Volova et al.
2013, 2017b; Singh et al. 2012). PHAs have significant advantages in comparison
with other biomaterials (Chen 2010):
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e the high biocompatibility of PHAs, polyhydroxybutyrate in particular, is
accounted for by the fact that the monomers constituting this polymer—hydroxy-
butyric acid—are natural metabolites of body cells and tissues;

* PHASs undergo true biological degradation, which occurs via the cellular and the
humoral pathways; the resulting monomers of hydroxybutyric acid do not cause
abrupt acidification of tissues and, therefore, do not give rise to any pronounced
inflammatory reaction;

* PHA bioresorption rates are much lower than those of polylactides and polygly-
colides; PHA-based implants can function in vivo for 2-3 years, depending on
their form and implantation site; moreover, PHA degradation can be controlled;

e PHAs are produced by direct fermentation; no multistage technology is needed
(monomer synthesis, polymerization, addition of plasticizers and modifying
components);

* PHAs can be synthesized on such feedstocks as sugars, organic acids, alcohols,
mixtures of CO, and H,, products of plant biomass hydrolysis, industrial wastes
of sugar and palm oil production, hydrogen-containing products of processing of
brown coals and hydrolysis lignin;

* PHAs constitute a family of polymers of various chemical structures, consisting
of monomers containing 4—12 and more carbon units, including high-crystallinity
thermoplastic materials and rubber-like elastomers;

* PHA properties (crystallinity, mechanical strength, temperature characteristics,
and biodegradation rates) can be controlled by varying the composition of the
culture medium and tailoring the chemical structure of the polymer;

e PHAs can be processed from various phase states (powder, solution, gel, melt)
using conventional techniques.

PHAs are very promising polymers as, being thermoplastic, like polypropylene
and polyethylene, they also have antioxidant and optical properties as well as piezo-
electricity. PHAs are highly biocompatible and can be biodegraded in biological
media. In addition to poly(3-hydroxybutyrate) (P(3HB)), there are various PHA
copolymers, which, depending on their monomeric composition, have different
basic properties (degree of crystallinity, melting point, plasticity, mechanical
strength, biodegradation rate, etc.). The properties of PHA polymers provide wide
prospects for applications in various fields (public and agriculture, medicine and
pharmacology, electronics, etc.).

PHAs are used to manufacture agricultural devices. These are films for green-
houses, packages for fertilizers and vegetables, pots, nets, ropes, etc. A new and
environmentally important PHA application may be delivery of pesticides and fer-
tilizers. Researchers of the Siberian Federal University and the Institute of
Biophysics SB RAS were the first to prove that PHA can be used as a degradable
base providing controlled release of fungicides and herbicides during the growing
season of plants (Volova et al. 2008); pre-emergence formulations have been devel-
oped. That provided a basis for the new important use of PHAs—construction of
slow-release formulations, in which chemicals for crop protection would be embed-
ded in the matrix of these degradable polymers.
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The ability of polyhydroxyalkanoates to break down in biological media is one
of their most valuable properties. PHAs are degraded to water and CO, or to meth-
ane and water under aerobic and anaerobic conditions, respectively. Biodegradation
of PHASs in the environment is carried out by extracellular depolymerases of micro-
organisms. Depolymerases are characterized by different molecular organization
and specificity to substrate.

The analysis of the available literature shows that rather few authors reported on
integrated studies of various aspects of PHA degradation, which is a very complex
process. Most of the studies were performed in the laboratory, and they mainly dealt
with the mechanism of interaction between the PHA supramolecular structure and
PHA-depolymerizing enzymes, the structure and molecular organization of various
depolymerases and microorganisms secreting extracellular PHA depolymerases.

An important question is the pattern of polymer breakdown in the natural envi-
ronment. Extensive pioneering research on PHA biodegradation behavior in natural
soil ecosystems was performed at the Siberian Federal University and Institute of
Biophysics SB RAS.

We studied the kinetics and laws of the degradation of PHA in natural ecosys-
tems in various regions and received answers to key questions of the PHA biodeg-
radation process:

— which microorganisms are the most effective PHA degraders;

— how do the PHA properties change during degradation;

— how do environmental conditions (temperature, salinity, oxygen availability, pH,
etc.) affect this process;

— how the process of PHA degradation will be affected by weather and climate of
different regions.

PHA degradation influenced the total counts of microorganisms and composition
of soil microflora. The microbial community formed on the polymer surface and the
soil microbial community were different in the composition and percentages of the
species. By employing the clear zone technique, we, for the first time, showed that
each of the PHA types studied had specific degraders. PHA degradation behavior
was studied in different environments: Siberian soils under broadleaved and conif-
erous trees, tropical soils (in the environs of Hanoi and Nha Trang), seawater (the
South China Sea), a brackish lake (Lake Shira), and freshwater recreational water
bodies in Siberia. Those studies showed that degradation occurred at different rates
depending on the polymer composition, shape of the specimen (film or 3D con-
struct), climate and weather conditions, and microbial community composition. The
time over which the polymer loses 50% of its mass may vary between 68.5 and
270 days in Siberian soils, between 16 and 380 days in tropical soils of Vietnam,
between 73 and 324 days in the brackish lake (Shira), between 127 and 220 days in
the seawater of the South China Sea, and between 17 and 65.9 days in freshwater
lakes (Prudnikova and Volova 2012). (Reprinted by permission from Springer
Nature Customer Service Center GmbH: Springer Nature, Microbial Ecology,
Microbial degradation of polyhydroxyalkanoates with different chemical
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compositions and their biodegradability, Volova TG, Prudnikova SV, Vinogradova
ON, Syrvacheva DA, Shishatskaya EI, 2017).

The studies of PHA degradation in different soils showed that the following con-
ditions affect the degradation of PHA: polymer composition, its geometry and the
technique used to process it, weather conditions, the type of the ecosystem and its
microbial component in particular, as the factor determining the mechanism of PHA
biodegradation: preferential attack of the amorphous regions of the polymer or
equal degradation of both crystalline and amorphous phases. PHA degrading micro-
organisms that dominate microbial populations in some soil ecosystems have been
isolated and identified.

The data on the degradation of PHA under natural conditions are very important
and they form the basis for the use of these polymers as a basis (matrix) for the
deposit of pesticides in order to create long-term and targeted plant protection
products.

3 Experimental Formulations of the Fungicide Tebuconazole
and Their Efficacy

Fungicides are necessary for modern high-performance crop farming to protect
crops from pests and diseases. The total crop loss in the world from pests is about
35%, and it is even higher in developing countries (48%). Approximately 1/3 of
these losses are due to plant diseases caused by bacteria, fungi, and viruses, which
reduce the quality of products and cause poisoning of animals and people.
Mycotoxins, which are produced by some disease agents, pose a serious danger.
One of the most common diseases of crops is fusarium infection, caused by a soil
pathogenic fungus belonging to the genus Fusarium. The use of fungicides leads to
a fusarium infection decrease and reduction of mycotoxin content in grain.
Triazoles are the largest group of fungicides that can be used for treating plants
in the early stages of the disease development or for preventive treatment. One of
the widely used triazoles nowadays is tebuconazole (TEB). TEB is a broad-spectrum
systemic fungicide against crop diseases (fusarium infection, rust, rots, powdery
mildew, and others), some diseases of grapes, soya bean, rapeseed, sunflower, and
vegetables. TEB inhibits the process of ergosterol biosynthesis in the cell mem-
branes of plant pathogenic fungi, resulting in the disruption of cell membranes,
causing the death of pathogen. Studies addressing the use of PHA as a matrix for
embedding pesticides are few. The use of the P(3HB/3 HV) copolymer for produc-
tion of microspheres loaded with the ametrine and atrazine herbicides was shown by
Lobo et al. 2011; Grillo et al. 2011. Suave et al. (2010) reported encapsulation of the
malathion insecticide in microspheres from P(3HB) blended with polycaprolactone.
There is no information in the available literature on the use of PHA as a matrix for
embedding fungicides. Commercial formulations of TEB, represented by suspen-
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sions or emulsions used for spraying plants, are used widely. The fungicide is
released from these formulations too quickly, which affects its effectiveness, and the
fungicide has to be applied again. Thus, in order to increase the effectiveness of
TEB and reduce its harmful effects on the environment, new formulations with
controlled release of TEB are needed.

To construct environmentally friendly forms of TEB, biodegradable polymer
P(3HB) was used as a matrix. The procedure for creating slow-release formulations
of TEB in the form of films and pellets was described by Volova et al. (2016a).
P3HB/TEB formulations were studied using X-ray structure analysis, differential
scanning calorimetry, and Fourier transform infrared spectroscopy. Another study
described TEB release from P3HB/TEB formulations into sterile distilled water and
soil (Volova et al. 2017a). The fungicidal effect of P3HB/TEB formulations against
the plant pathogen Fusarium verticillioides (formerly Fusarium moniliforme) was
compared with that of Raxil Ultra (commercial formulation) (Volova et al. 2017a).
In the first 2—4 weeks after the application, there was a noticeable fungicidal effect
of the P3HB/TEB formulations, and it lasted for 8 weeks. In addition, no significant
impact of experimental formulations on the soil aboriginal microflora was revealed.
TEB release was found to depend on the TEB loading and the geometry of the for-
mulation constructed, and TEB release in the soil occurred gradually, as P(3HB)
was degraded.

Particular attention was paid to the study of potential for designing embedded
target-delivery formulations of polymeric fungicides by nanotechnology-based sys-
tems (Shershneva et al. 2019).

The surface morphology of the P(3HB)/TEB microparticles was studied using
scanning electron microscopy (SEM) (Fig. 1a, b). SEM analysis showed the pres-
ence of large undissolved crystals of TEB on the surface of microparticles. That was
probably caused by the high concentration of TEB, which did not dissolve com-
pletely because of the presence of high-molecular-weight chains of P(3HB) in the
solution. With the TEB increase in microparticles from 10 to 50%, the amount of
TEB crystals on the surface of microparticles increased too. Apparently, the increase
in encapsulation efficiency resulted from the high adsorption of TEB crystals on the
surface of microparticles with the initial 50% TEB concentration in the solution
(Table 1).

Moreover, a direct relationship between the TEB loading and the average diam-
eter of microparticles was noted: with TEB loading increased from 10 to 50%, the
average diameter of microparticles increased from 41.3 to 71.7 pm (Table 1). By
contrast, as the TEB loading was increased, the yield of microparticles, regardless
of the polymer initial mass, decreased. As for zeta potential, no effect of the TEB
loading on the zeta potential was detected (Table 1).

Evaluation of the size distributions of microparticles showed that, as a percent-
age, particles with a diameter of about 50 pm prevailed over all concentrations of
TEB loading. The proportion of the smallest particles with a diameter of 25 pm
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Fig.1 SEM images of
P(3HB)/TEB
microparticles before (a, b)
and after (c) exposure to
the soil; bars—200 pum (a,
¢) and 2 pm (b)
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Table 1 Characteristics of P(3HB)/TEB microparticles with different amounts of TEB

Encapsulation Yield of Average diameter | Zeta potential
Sample efficiency (%) particles (%) (pm) (mV)
P(3HB)/ 59 70.9 413 -357+20
TEB-10
P(3HB)/ 65 63.0 63.2 -32.6+09
TEB-25
P(3HB)/ 86 58.5 71.7 -353+2.1
TEB-50
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increased while the TEB load was reduced to 10%. Conversely, with an increase in
TEB loading to 50%, the proportion of large microparticles with a diameter of
125 pm and more increased significantly. Thus, the average diameter of the mic-
roparticles increased with the load of TEB from 41.3 to 71.7 pm. The emulsion
technique makes it possible to obtain nanoscale microparticles that can penetrate
plant tissue and are suitable for post-harvest processing and protection from damage
to the aerial parts of plants (Ding et al. 2011; Qian et al. 2013). Larger microparti-
cles obtained in our research can be used for pre-sowing treatment of seeds or pre-
emergence introduction of fungicides into the soil together with the seeds.

TEB release from P(3HB)/TEB microparticles into sterile distilled water and soil
was studied. TEB release from microparticles in distilled water during 60 days is
indicated in Fig. 2. TEB release from microparticles with the TEB loading of 25 and
50% was similar. A possible reason for this may be low water solubility of TEB. This
is probably associated with the low water solubility of TEB, and therefore, when the
concentration of TEB in water reached its highest possible level, the rate of TEB
release from the microparticles with 25 and 50% of TEB loading slowed down. TEB
crystals were found on the surface of the 50% loaded microparticles at the end of the
experiment, suggesting partial TEB release from microparticles, and thus, pro-
longed release of TEB was achieved. By the end of the experiment, TEB release
from microparticles with 10, 25, and 50% of TEB was 43, 38, and 25%, respec-
tively. Thus, the reason for slow TEB release from microparticles is apparently low
water solubility of TEB. These results suggest that release of the fungicide can be
regulated by changing TEB content in microparticles.

The exposure of TEB-loaded microparticles in soil microcosms led to the degra-
dation of the polymer matrix of microparticles and a more intensive TEB release
into the soil compared with the release to water. Obvious changes in the morphol-
ogy of microparticles after 21 days of exposure can be seen on SEM images: partial
destruction, the appearance of surface erosion, hollows, and cavities (Fig. 1c). After

50 -
-~10% -=25% -50%

Tebuconazole release, % from

[ . ;

T T

0 10 20 30 40 50 60

Days

Fig. 2 Release kinetics of TEB from P(3HB)/TEB microparticles with 10, 25, and 50% of TEB
loadings
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35 days, the microparticles degraded by 80% and looked like small fragments of
irregular shape with through holes and tunnels.

Antifungal activity of P(3HB)/TEB formulations with the TEB loading of 25%
was studied in experiments with pathogenic fungi Fusarium verticillioides. This
species of Fusarium genus is dangerous for people, because it not only damages the
grain yield, but also produces mycotoxin (fumonisin), causes mycoses in immuno-
compromised people and has oncogenic potential (Voss et al. 2002).

The experiment was performed in vitro by growing Fusarium verticillioides on
malt-extract agar in Petri dishes. As a positive control, 200 pL of commercial fungi-
cide Raxil Ultra (Bayer AG, Germany) containing 120 mg L' of TEB was added to
an agar-well. This dose was consistent with the load of TEB in the formulations.
The experiment showed that the growing zone of the F. verticillioides decreased by
two to three times under the influence of commercial fungicide and experimental
TEB formulations. No significant differences were observed between the diameters
of colonies in the positive control group and in the group of P(3HB)/TEB micropar-
ticles. Thus, the antifungal activity of P(3HB)/microparticles is comparable with the
antifungal activity of commercial TEB, and it follows that experimental formula-
tions of embedded TEB hold promise for constructing long-term formula-
tions of TEB.

The efficacy of P(3BHB)/TEB formulations was investigated in rhizosphere soil
of wheat plants infected by plant pathogen F. verticillioides (Volova et al. 2018).
TEB was embedded in degradable microbial polymer, P(3HB), designed as micro-
granules and films. Germination test of wheat seeds on the nutrient medium showed
the presence of phytopathogenic fungi Fusarium, Bipolaris, and Alternaria. The
total contamination of wheat seeds reached 9.5%, and 5.6% of which were Fusarium
species. Thus, internal seed infection leads to the development of seedling disease
in the early stages, inhibits the growth of plants, and reduces their productivity.

The developed experimental formulations of P(3BHB)/TEB were placed into the
soil simultaneously with the sowing of wheat seeds, and their fungicidal activity
was compared with the effect of traditional used preparations: pre-sowing treatment
of seed or soil treatment with Raxil Ultra. In the experiment with the initially
infected seeds and low level of background fusarium infection (3.1 x 10° CFU g!),
the experimental P(3HB)/TEB formulations did not differ in root pathogens sup-
pression from commercial fungicide Raxil Ultra. However, in simulated conditions
of high infectious load of the soil with pathogenic fungi F. verticillioides, the fungi-
cidal activity of the P(3HB)/TEB formulations exceeded the effectiveness of the
commercial fungicide. Before the experiment, the number of introduced Fusarium
fungi reached one million per/g soil (including F. verticillioides and minor species),
while the number of saprotrophic fungi was 25.2 x 10* CFU g~'. Due to competitive
relationships in microbiocenosis, the total counts of Fusarium genus decreased to
21.2 x 10* CFU g' in the negative control after 30 days. For the same reason the
total counts of saprotrophic fungi have been reduced to 4.9 x 10* CFU g~'. The
counts of saprotrophic and phytopathogenic fungi were 9.2 x 10° and
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8.4 x 10° CFU g7}, respectively, when Raxil Ultra was used. Therefore, fungicidal
activity of P(3HB)/TEB formulations in soil with a high concentration of F. verticil-
lioides was higher than when using commercial fungicide.

The infection of seeds and plants in contaminated soil by plant pathogens cause
significant damage of roots. Nevertheless, even in case with naturally infected soil,
Fusarium infection was also found in the first 10 days in all groups of plants, includ-
ing the groups with TEB treated soil. This happened due to the fact that the seeds
were infected with phytopathogenic microscopic fungi, and the infection had
already appeared at an early stage of the seedlings. Then, the infection of plant roots
not treated with fungicide increased. From 10 to 30 days, the number of plants
infected with root rot increased (from 17 to 30% of the total number of tested
plants). It was shown that infection caused by fungi of the genus Fusarium made its
main contribution to the etiology of root rot (50-80% of all infections).

So, TEB is an effective fungicide used to protect different cereal crops. However,
triazole fungicides, including TEB, are phytotoxic. Fungicides of triazole group
suppress biosynthesis of ergosterol in cell membranes of pathogens and cause their
death. Thus, crops infected by Fusarium and treated with triazole fungicides are
affected by two negative factors: phytopathogens and pesticides. To identify the
mechanism of the damaging effect of these factors, culture of Triticum aestivum
infected with phytopathogens (Alternaria, Fusarium) and treated with triazole fun-
gicides (tebuconazole) was used. The morphology of root apexes with population of
border cells and the composition of exometabolites (proline, carbonylated proteins,
and malonic dialdehyde) were analyzed (Shishatskaya et al. 2018). Proline (an inte-
gral indicator of the activity of antioxidant root systems), carbonylated proteins
(CP), and malonic dialdehyde (MDA) are the indicators of the level of oxidative
modification of proteins and activity of membrane lipids peroxidation.

At Day 10, the contents of MDA, CP, and proline in roots of the control wheat
plants (group 1, without TEB application) did not differ significantly from their
contents in plants roots of groups 2 (the treatment with Raxil Ultra applied to the
soil) and 3 (the treatment with seeds pretreated with Raxil Ultra). At Day 20, the
amount of MDA and proline in roots of group 1 increased considerably (by a factor
of 8.5 and by a factor of 19) compared to Day 10, while CP decreased slightly (by a
factor of 1.8). At Day 30, proline content in the roots of group 1 decreased dramati-
cally, while MDA and CP contents did not change significantly. In group 2, contents
of MDA, CP, and proline in the roots did not differ significantly from the control,
suggesting that phytotoxic effects of TEB were softened as soil contamination with
phytopathogens decreased. However, in group 3, contents of proline, MDA, and CP
in the roots were higher than in group 1 by a factor of 2.2, 2.0, and 1.7, respectively.
That was indicative of the activation of phytotoxic stress and free radical processes,
as the effect of TEB used to pretreat the seeds before sowing must have been
exhausted by Day 30. This study showed that the effect of TEB on redox homeosta-
sis in wheat roots varied depending on the growth stage of plant and was consider-
ably different in ecosystems with plants and soil infected by Fusarium
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Fig. 3 The effect of TEB 3004
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phytopathogens. At Day 20 of plant growth, during the tillering stage, TEB pro-
duced the strongest phytotoxic effect on wheat plants.

The results of evaluating the productivity of wheat communities in experiment
with high degree of soil infection and root damage caused by rot are shown in
Fig. 3. At Day 10, the aboveground biomass of wheat plants was comparable in the
negative and positive control groups and in the treatment groups (P(3HB)/TEB mic-
roparticles). At Day 30, in the group with Raxil, the aboveground biomass reached
190 g m~2, while in the treatment groups it was higher (230-240 g m™).

The fungicidal activity of the experimental slow-release formulations of TEB
embedded in the matrix of degradable P(3HB) against fusarium infection of wheat
was comparable to that of TEB in commercial formulation Raxil in early stages
(Day 10). In the later stages, P(3HB)/TEB formulations more effectively suppressed
the development of Fusarium in soil and inhibited the growth of plant root rot.

4 Experimental Formulations of Herbicides and Evaluation
of Their Efficacy

[Weeds cause great damage to agriculture, and herbicides constitute the most exten-
sively used group of pesticides (40-50%), their commercial varieties accounting for
about 40% of all commercial pesticides. Weed control using herbicides is one of the
major components of modern efficient agriculture. However, herbicides, as well as
other pesticides, persist in the soil, posing a hazard to human health, leading to the
emergence of herbicide-resistant weed species, threatening the stability of agroeco-
systems and leaving the ground almost permanently barren. Much research effort
has been recently focused on constructing new formulations and investigating their
behavior in the environment. The main purpose of such studies is to produce less
toxic and more selective pesticides and reduce the rate of pesticide application.]
(Reprinted by permission from Springer Nature Customer Service Center GmbH:
Springer  Nature, Environmental Science and Pollution Research,
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Poly(3-hydroxybutyrate)/metribuzin formulations: characterization, controlled
release properties, herbicidal activity, and effect on soil microorganisms, Volova T,
Zhila N, Kiselev E, Prudnikova S, Vinogradova O, Nikolaeva E, Shumilova A,
Shershneva A, Shishatskaya E, 2016).

Triazines are commonly used broad-spectrum selective herbicides, which do not
persist for a very long time in soil. Metribuzin (MET) is a pre-emergence and post-
emergence herbicide which is used to treat different crops and has high biological
activity in various climate zones (Fedtke 1981). [MET has been used by many
researchers as a herbicide for constructing slow-release formulations based on vari-
ous synthetic and natural materials: polyvinylchloride, carboxymethyl cellulose
(Kumar et al. 2010a), acrylamide (Sahoo et al. 2014), methacrylic acid combined
with ethylene glycol and dimethacrylate (Zhang et al. 2009), sepiolite (Maqueda
etal. 2008), alginate (Flores-Céspedes et al. 2013), phosphatidylcholine (Undabeytia
et al. 2011), kraft lignin (Chowdhury 2014), lignin/polyethylene glycol blends
(Fernandez-Pérez et al. 2011, 2015), chitin, cellulose, starch (Fernandez-Pérez et al.
2010; Rehab et al. 2002), bentonite, activated carbon (McCormick 1985), etc. Thus,
by varying the shape of the carrier, the technique employed to construct it, and the
material used, one can influence MET release kinetics and design-controlled deliv-
ery systems for this herbicide.] (Reprinted by permission from Springer Nature
Customer Service Center GmbH: Springer Nature, Environmental Science and
Pollution Research, Poly(3-hydroxybutyrate)/metribuzin formulations: character-
ization, controlled release properties, herbicidal activity, and effect on soil microor-
ganisms, Volova T, Zhila N, Kiselev E, Prudnikova S, Vinogradova O, Nikolaeva E,
Shumilova A, Shershneva A, Shishatskaya E, 2016).

Degradable polymers of various origins are being tested as materials for con-
structing pesticide carriers. A review of current literature shows that polymers based
on derivatives of carbonic acids have attracted the attention of many researchers.
Special attention is given to polyhydroxyalkanoates (PHAs)—microbial polymers
having many useful properties. [Production of polyhydroxyalkanoates (PHAs) is a
rapidly developing branch of the industry of degradable bioplastics, and they are
regarded as candidates to eventually replace synthetic polymers (Chen 2010;
Ienczak et al. 2013; Kaur and Roy 2015; Volova et al. 2013).] (Reprinted by permis-
sion from Springer Nature Customer Service Center GmbH: Springer Nature,
Environmental Science and Pollution Research, Poly(3-hydroxybutyrate)/
metribuzin formulations: characterization, controlled release properties, herbicidal
activity, and effect on soil microorganisms, Volova T, Zhila N, Kiselev E, Prudnikova
S, Vinogradova O, Nikolaeva E, Shumilova A, Shershneva A, Shishatskaya E, 2016).

The purpose of this study was to investigate the herbicidal activity of MET
embedded in the polymer matrix based on degradable poly(3-hydroxybutyrate)
[P(3HB)] by exposing in laboratory soil ecosystems with higher plants. For the first
time construction and investigation of slow-release MET formulations of different
geometries with metribuzin embedded in the P(3HB) were described in Volova et al.
(2016b). The P(3HB)/MET mixtures (powders, solutions, and emulsions) were
used to construct MET-loaded pellets, films, granules, and microparticles and tested.
Using X-ray, DSC, and FTIR methods the absence of chemical bonds between the
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components of MET and P(3HB) has been shown. [The kinetics of polymer degra-
dation, MET release, and accumulation in soil were studied in laboratory soil micro-
ecosystems with higher plants. The study showed that MET release can be controlled
by using different techniques of constructing formulations and by varying MET
loading. The herbicidal activities of P(3HB)/MET formulations and commercial
formulation Sencor Ultra were tested on the Agrostis stolonifera and Setaria macro-
cheata plants. All P(3HB)/MET formulations had pronounced herbicidal activity,
which varied depending on MET loading and the stage of the experiment (Volova
et al. 2016c).] (Reprinted by permission from Springer Nature Customer Service
Center GmbH: Springer Nature, Environmental Science and Pollution Research,
Poly(3-hydroxybutyrate)/metribuzin formulations: characterization, controlled
release properties, herbicidal activity, and effect on soil microorganisms, Volova T,
Zhila N, Kiselev E, Prudnikova S, Vinogradova O, Nikolaeva E, Shumilova A,
Shershneva A, Shishatskaya E, 2016). Moreover, the herbicidal activity of P(3HB)/
MET microgranules and films was tested against weeds such as Chenopodium
album and Melilotus albus in the presence of wheat (Triticum aestivum, cv.
Altaiskaya 70) (Zhila et al. 2017). The experimental P(3HB)/MET formulations
showed pronounced herbicidal activity against these weeds. The effectiveness of the
experimental formulations in inhibiting the growth of Chenopodium album and
Melilotus albus was comparable to and, sometimes, higher than that of the Sencor
Ultra (commercial formulation).

Using emulsion technique, P(3HB)/MET microparticles, with the 10 and 25% of
MET loadings, were prepared. The best conditions for preparing P(3HB)/MET mic-
roparticles are as follows: the concentration of P(3HB) and PVA (30 kDa) was 1%,
agitation speed was 750 rpm. The average size of microparticles P(3HB)/MET with
the 10 and 25% of MET loadings was comparable—54 pm (Table 2). The SEM
analysis showed that the microparticles, regardless of their size, had a wrinkled
surface.

[The value of the &-potential, which is an important parameter of particles char-
acterizing their stability in solutions, was —26.2 and — 33.2 mV for the microparti-
cles with the 10 and 25% MET loadings, respectively. The yield of the particles
from emulsions with different MET loadings was rather high, more than 60%, but

Table 2 Characteristics of the P(3HB)/MET microparticles with the 10 and 25% of MET loadings
MET loadings ‘ EE® (%) ‘ Y* (%) ‘ The average size (pm)
P(3HB)/MET microparticles
10% 21 76.5 54.0 -30.8+2.3
25% 18 71.6 54.4 -262+29

“EE—is the efficiency of MET encapsulation in the microparticles. EE was calculated using the

following formula: EE = (M.,./M,,) x 100%, where M.,. is the mass of MET encapsulated in

P(3HB) (mg) and M,,; is the initial mass of MET (mg)

"Y—the microparticles yield (percent of the P(3HB) mass used to construct microparticles). ¥ was

calculated using the following formula: Y = (M, /M,) x 100%, where M,, is the mass of the

P(BHB)/MET microparticles, mg, and M, is the mass of P(3HB) and MET used for microparticles
preparing, mg

E-potential (mV)
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MET encapsulation efficiency was low, 18-21%.] (Reprinted by permission from
Springer Nature Customer Service Center GmbH: Springer Nature, Environmental
Science and Pollution Research, Poly(3-hydroxybutyrate)/metribuzin formulations:
characterization, controlled release properties, herbicidal activity, and effect on soil
microorganisms, Volova T, Zhila N, Kiselev E, Prudnikova S, Vinogradova O,
Nikolaeva E, Shumilova A, Shershneva A, Shishatskaya E, 2016).

MET release from the P(3HB)/MET microparticles with 25% of MET loading in
sterile distilled water was studied. By the end of the experiment (49 days), about
95% of MET embedded in the polymer matrix were released from the microparti-
cles (25% of MET loading). As P(3HB) does not dissolve and does not hydrolyze in
water, MET was passively released from the polymer matrix as well, diffusing
through the pores. The MET release rate from microparticles in the first 3 days was
7.7 mg d~! reduced to 1.5 mg d~! in the next 11 days. The lowest MET release rate
(0.2-0.27 mg d~!') was at the end of the experiment.

For describing metribuzin release from microparticles, the Korsmeyer-Peppas
model was used:

M,/ M, =Kt"

M, is the MET amount released at time t, M., is the MET amount released over a
very long time (it generally corresponds to the initial MET amount). K is a kinetic
constant and 7 is the diffusional exponent.

Exponent n was 0.405, which suggests MET diffusion from polymer matrix
according to Fick’s law. The value of K was 0.081 h™'. The {-potential and morphol-
ogy of the microparticles incubated in water did not change. Moreover, no signifi-
cant changes in physicochemical properties were detected (crystallinity degree and
temperature parameters).

[Kinetics of MET release from P(3HB)/MET microparticles and degradation of
P(3HB) were studied in laboratory soil microecosystems with higher plants. All
microparticles, irrespective of the amount of metribuzin loading, were almost com-
pletely degraded after 30—40 days of incubation in soil (Fig. 4); the average degra-
dation rates of the microparticles with the 10 and 25% MET loadings were 0.15 and
0.17 mg d~!, respectively. As the polymer matrix was degraded, molecular weight of
the polymer decreased, while its polydispersity and degree of crystallinity increased,
suggesting preferential disintegration of the amorphous phases of the polymer.

The dynamics of degradation of the polymer matrix, which determines MET
release, influenced herbicide accumulation in soil (Fig. 4). The MET concentrations
released from microparticles were comparable with metribuzin concentration in soil
from Sencor Ultra and were measured after 20-30 days of incubation of the formu-
lations loaded at 25 and 10% MET. Concentrations reached about 4.8-6.8 and
1.5-2.4 pg g7! soil, respectively. Thus, the 100% release of MET was observed from
the microparticles, which were completely degraded during the experiment. The
relationship between herbicide release rate and the level of loading was shown in a
previous study (Prudnikova et al. 2013).
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Fig. 4 Degradation dynamics of P(3HB)/MET microparticles with 10 and 25% of MET loadings
in soil (histograms) and MET release (curves) from them into the soil in laboratory conditions

Constant K and exponent n, characterizing kinetics of metribuzin release from
the P(3BHB)/MET microparticles were obtained by using the Korsmeyer-Peppas
model. Metribuzin release from microparticles was characterized by the anomalous
case-II transport. The values of the diffusional exponent (n) at 10 and 25% loadings
were 0.98 and 0.91, respectively. Constant K, which contains diffusion coefficient
and structural and geometric data on the formulations, was 0.0013 and 0.0024 h=" at
10 and 25% loadings, respectively.] (Reprinted by permission from Springer Nature
Customer Service Center GmbH: Springer Nature, Environmental Science and
Pollution Research, Poly(3-hydroxybutyrate)/metribuzin formulations: character-
ization, controlled release properties, herbicidal activity, and effect on soil microor-
ganisms, Volova T, Zhila N, Kiselev E, Prudnikova S, Vinogradova O, Nikolaeva E,
Shumilova A, Shershneva A, Shishatskaya E, 2016). Parameter ts5, characterizes the
time when MET is released with the highest rate. The values of the tsy at 10 and 25%
of MET loadings were 21 days.

[The weeds Agrostis stolonifera and Setaria macrocheata were used to study the
herbicidal activity of the P(3HB)/MET microparticles. P(3HB)/MET microparticles
had comparable effects on the plants (Fig. 5). [In the previous study, we also showed
that formulations of the herbicide Zellek Super shaped as microgranules and films
successfully suppressed the growth of Agrostis stolonifera (Prudnikova et al. 2013).
Moreover, the effectiveness of MET embedded in carboxy methyl cellulose—kaolin-
ite composite (CMC-KAQ) against weeds growing in wheat crops was shown in the
field experiment by Kumar et al. (2010a, b).

The herbicidal effect of the experimental P(3HB)/MET microparticles on the
plants was stronger than the effect achieved in the positive control (Sencor Ultra).
The analysis of the parameters of MET effect on the plant density and the weight of
fresh green biomass showed that P(3HB)/MET microparticles exhibited herbicidal
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Fig. 5 The weight of fresh green biomass of Agrostis stolonifera (a) and Setaria macrocheata (c)
and density of Agrostis stolonifera (b) and Setaria macrocheata (d) grown in the laboratory micro-
ecosystems with P(3HB)/MET microparticles

activity.] (Reprinted by permission from Springer Nature Customer Service Center
GmbH: Springer Nature, Environmental Science and Pollution Research, Poly(3-
hydroxybutyrate)/metribuzin formulations: characterization, controlled release
properties, herbicidal activity, and effect on soil microorganisms, Volova T, Zhila N,
Kiselev E, Prudnikova S, Vinogradova O, Nikolaeva E, Shumilova A, Shershneva A,
Shishatskaya E, 2016).

[In the positive control, 10 days after sowing, the plant density and the weight of
the biomass of Agrostis stolonifera were 8333 + 750 plants m= and
21.28 + 1.26 g m™2, 20 days after sowing—6481 + 713 and 10.64 + 0.84, and
30 days after sowing—2090 + 187 plants m~2 and 5.32 + 0.32 g m~2, respectively.
That was almost five to six times lower than in the negative control. For Setaria
macrocheata, the difference was even more considerable. The inhibitory effect of
the experimental P(3HB)/MET microparticles varied depending on the MET load-
ing and the duration of the experiment. Ten days after sowing, the number of
Agrostis stolonifera plants and their biomass in the experiment with the micropar-
ticles were degraded in the soil at the high rate, these parameters were lower by
more than a factor of two in comparison with positive control. P(3HB)/MET mic-
roparticles with MET loading of 25% had more pronounced herbicidal effects of:
10 days after sowing, the biomass was lower than in the positive control by a factor
of 3.3. At Day 20 a considerable number of plants in all treatments were dead, and
the green biomass was reduced much more dramatically than in the positive control.
At Day 30 all plants were dead in the treatments and positive control. Similar results
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were obtained for Setaria macrocheata plants. The herbicidal activity of the P(3HB)/
MET microparticles also increased with the increase in the MET loading and with
the duration of the experiment. Ten days after sowing, the plant density and the
weight of fresh biomass were either comparable with or lower than the correspond-
ing parameters in the positive control, depending on the MET loading. Twenty days
after sowing, in the ecosystems with P(3HB)/MET microparticles, almost all plants
were dead.] (Reprinted by permission from Springer Nature Customer Service
Center GmbH: Springer Nature, Environmental Science and Pollution Research,
Poly(3-hydroxybutyrate)/metribuzin formulations: characterization, controlled
release properties, herbicidal activity, and effect on soil microorganisms, Volova T,
Zhila N, Kiselev E, Prudnikova S, Vinogradova O, Nikolaeva E, Shumilova A,
Shershneva A, Shishatskaya E, 2016).

Despite the increasing number of studies concerning slow-release herbicide for-
mulations, the main part of paper is devoted to the methods of herbicides embed-
ding and materials used as a matrix. However, there are a few data about the
herbicidal efficacy of such formulations and studies conducted with crops infested
by weed (Kumar et al. 2010b; Zhila et al. 2017). The herbicidal activity of P(3HB)/
MET microparticles with MET loadings of 10 and 25% in wheat stands Triticum
aestivum (cv. Altaiskaya 70) infested by white sweet clover Melilotus albus under
laboratory conditions was studied (Fig. 6).

The study was compared with negative (untreated) and positive (Sencor Ultra)
control. At Day 10 after sowing, the biomass and density of the plants Melilotus
albus in the negative control reached about 10 g m=2 and 6500 plants m~2, respec-
tively. These data were considerably higher than the corresponding values in the
positive control (5.1 g m™ and 5200 plants m™) and treatments (4100—4900
plants m~?), where the plants growth was evidently inhibited. At Day 20 the number
of the plants Melilotus albus decreased to 1100 and 1350 plants m~ with the treat-
ment of microparticles with MET loadings of 25 and 10%, respectively. The weed
density in the positive control was higher (about 2000 plants m~2). At the end of the
experiment (Day 50), complete suppression of plants Melilotus albus was observed
in the herbicide-treated ecosystems. Moreover, the density of Melilotus albus and
the amount of its aboveground biomass were considerably lower in the experiments
with microparticles than in the experiment with Sencor Ultra. Effective weed con-
trol caused an increase in the productivity of wheat. The aboveground biomass of
wheat reached 186-195 g m=2 in the experiments with the treatments with P(3HB)/
MET microparticles. In the experiments with Sencor Ultra and in the negative con-
trol biomass was lower (167 and 136 g m~2, respectively).

Thus, these results clearly showed the effectiveness of the P(3HB)/MET mic-
roparticles for weed control and also influencing the wheat growth. The activity was
significant in comparison with commercial formulations.
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Fig. 6 Photographs of wheat stands infested with Melilotus albus and treated with P3HB)/MET
microparticles with MET loadings of 10 and 25%

5 Conclusion

The positive results that have been obtained suggest the use of polyhydroxyalkano-
ates as a biodegradable polymer matrix to construct controlled-release pesticide
formulations. Application of such herbicidal and fungicidal formulations has been
found to be an effective means of increasing crop productivity and protecting them
against pests and pathogens. Moreover, the effect of using these formulations is
comparable or superior to the effect of using commercial pesticides. Further research
will provide the basis for reducing accumulation and uncontrolled spread of pesti-
cides in the environment and replacing synthetic plastics by biodegradable materi-
als, which can be incorporated in biosphere cycles.
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Abstract The excessive and irrational use of synthetic fungicides has perturbed us
with irrevocable soil-water-air contaminations, development of resistance in
microbes, and disturbing biosphere. Thus, search for biodegradable/ecofriendly
materials has emerged as the main goal to replace/reduce the synthetic fungicides in
agriculture for crop protection. Under this scenario, nanobiotechnology seems to be
a boon for the synthesis of ecofriendly, biocompatible, and safe fungicides which
will not only improve the soil health and the defense system of plants but also help
in obtaining healthy food for the continuously growing population. Among the
available biomaterials/biopolymers, chitosan is being explored as new generation
smart material to be used in agriculture especially for plant protection. This chapter
describes various chitosan-based nanomaterials (NMs) which have been used from
laboratory to field for control of fungal disease in crops.
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1 Introduction

Past few years have witnessed a tremendous growth in world’s total population
which is expected to reach up to 8.6 billion by 2030. This sets a great difficulty for
the scientists in achieving sustainable agriculture production in view of global
warming. To ensure the adequate food supply for growing population, application
of synthetic agrochemicals has, therefore, increased many folds. Global application
of agrochemicals is ~4.6 million tons, 90% of which gets runs-off into the environ-
ment and seep to agricultural products. Pesticides are among these agrochemicals
which are being used since long to provide protection against damage caused by
severe phytopathogens. Plant pathogens cause significant damage to almost all
crops worldwide and this loss compels the farmers to use more and more pesticides
to get maximum crop production (Zhang et al. 2011a, b). It is estimated that pesti-
cides are used for one-third of total agricultural production; due to which crop loss
declined by 35 to 42% (Pimentel 1997; Liu et al. 2002; Zhang et al. 2011a, b). 32%),
78%, and 54% loss in cereals, fruits, and vegetables, respectively, may be caused if
pesticides are not used (Cai 2008).

Global consumption of these pesticides is increasing day by day. The average
annual usage of fungicides and bactericides (kg/ha) from 2010 to 2014 in Japan is
the greatest (7.934) followed by Mexico (3.275), France (2.162), UK (1.332),
Germany (1.194), and Brazil (0.814), which are higher than global average (0.32).
The last two countries in the list are USA (0.229) and India (0.058) (Zhang 2018).
Although these agrochemicals have significantly contributed to agriculture produc-
tion, their reckless and non-judicious use has been causing an irreversible damage
to the ecosystem due to their nondegradable and toxic nature (Kumaraswamy et al.
2018). Further, most of these agrochemicals are not fully absorbed by plants and
seep into the soil/groundwater and eventually get accumulated in living organisms
too (Alister and Kogan 2006; Dietz and Herth 2011; Kah 2015; Marutescu et al.
2017). Global pesticide use has also resulted in the loss of biodiversity (Zhang
etal. 2011b; Kumar et al. 2013). In addition, pesticide use has led to various human/
animal diseases and injured human fecundity and intelligence quotient in past few
years (Chen et al. 2004; Zhang 2018). Moreover, the increment of resistance in plant
pathogens against these agrochemicals has become a serious issue (Hahn 2014;
Xing et al. 2017). Due to this, either new kinds of agrochemicals have been devel-
oped or higher doses of the existing ones have been used which in turn has increased
the cost and further expedites the resurgence of new plant pathogens.

With the emergence of nanoscience, application of nanotechnological tools has
raised hope to deliver new generation agrochemicals which are safe to environment
and effective at low doses. New generation pesticides could be comprised of nano-
structured materials which act on target in slow/controlled release manner when
need arises. Unexplored various bioactive compounds (inorganic and organic) can
be used alone or in composite forms through nanotechnology to deliver novel nano-
based products for use in agriculture for crop protection especially against fungal
disease. Therefore, various inorganic and organic materials for synthesis of
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nanomaterials (NMs) having biocompatibility, biodegradability, wide biological
activities, and ecological safety characteristics are in the forefront list of scientists
(Shukla et al. 2013; Kah and Hofmann 2014; Kashyap et al. 2015).

In pursuit of this, chitosan, $-(1,4)-2-amino-2-deoxy-D-glucose, a hetero-amino-
polysaccharide which can easily be obtained from the waste produce of shrimp,
crab shells, and cell wall of fungi (Katiyar et al. 2015; Malerba and Cerana 2016),
has been in high demand. Chitosan NMs can competently perform many biological
applications due to their small size, higher surface area, and cationic nature.
Furthermore, they are excellent blending materials for different organic and inor-
ganic molecules due to the availability of functional groups in their structures
(Choudhary et al. 2019a, b). Utility of chitosan has been acknowledged in develop-
ing chitosan nanoparticles (NPs) either alone or in combination with inorganic and
organic substances. The developed chitosan-based nanocomposites could ensure
slow, systemic, targeted, and protected release of active ingredients to improve their
efficacy and avoid toxicity to environment (Saharan et al. 2015; Saharan and Pal
2016a, b; Choudhary et al. 2017a, b). Chitosan functionalized with various inor-
ganic and organic inputs might ultimately lead to precision farming in a cost-
effective manner and can deliver a smart chitosan-based nano-agri-input.

Herein, this chapter highlights various chitosan-based NMs, in-depth, which
have potential to protect the plants from fungal diseases (Table 1).

2 Chitosan-Based NMs

Chitosan, being an excellent antimicrobial, plant growth regulator and plant elicitor,
has been explored in sole as well as functionalized NM forms with other bioactive
compounds of inorganic and organic nature. Herein, we have classified chitosan-
based NMs in three categories (a) sole chitosan NMs, (b) inorganic based chitosan
NMs, and (c) organic based chitosan NMs.

2.1 Sole Chitosan NMs

Since last few years, chitosan NMs have been explored for their diverse biological
activities. They have been tested against many plant pathogenic fungi and found to
be effective in significantly controlling fungal growth.

Chitosan NPs, in in vitro experiments, at a concentration of 0.6% (w/v), signifi-
cantly delayed mycelia growth of Rhizopus sp. Colletotrichum capsici,
Colletotrichum gloeosporioides, and Aspergillus niger. NPs exhibited better ten-
dency as compared with bulk chitosan towards reduction of mycelia growth. In
addition, chitosan coated/treated chickpea (Cicer arietinum) seeds had higher vigor
and very good antifungal activity which could be explained by two facts: (1)
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Table 1 Chitosan NMs used against various fungal pathogens
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Zeta
Sr. potential
no. | NMs Size (nm) | (mV) PDI Observations References
1. | Chitosan NPs N/A N/A N/A In vitro antifungal | Chookhongkha
activity against et al. (2012)
various chili fungal
disease
2. | Chitosan NPs 192.2 +45.3 0.60 In vitro antifungal | Saharan et al.
activity against (2013)
Alternaria
Alternata,
Macrophomina.
Phaseolina
Rhizoctonia solani
3. | Chitosan NPs 89.8 =37 0.22 In vitro antifungal | Sathiyabama
activity against and
Pyricularia grisea, | Parthasarathy
Alternaria solani, | (2016)
Fusarium
oxysporum, and
promote growth of
chickpea seedlings
4. | Chitosan NPs 83.3 —28 0.31 In vitro and in vivo | Manikandan
antifungal activity | and
against rice blast Sathiyabama
caused by (2016)
Pyricularia grisea
5. | Chitosan NPs 180.9 +45.6 0.31 In vitro and Kheiri et al.
greenhouse (2017)
antifungal activity
against wheat head
Blight caused by
Fusarium
graminearum
6. | Cu(Il)-chitosan | 220 +40 0.20 In vitro antifungal | Brunel et al.
Nanogel activity against (2013)
Fusarium
graminerarium
7. | Cu—chitosan 196.4 +88 0.50 In vitro antifungal | Saharan et al.
NPs activity against (2013)
Alternaria
alternata,
Macrophomina
phaseolina and
Rhizoctonia solani
8. | Cu—chitosan 2.5-25 N/A N/A In vitro antifungal | Vokhidova
NPs activity against et al. (2014)

Fusarium solani

(continued)
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Sr.

no.

NMs

Size (nm)

Zeta
potential
(mV)

PDI

Observations

References

9.

Cu—chitosan
NPs

374.3

+22.6

0.33

In vitro inhibition
of Alternaria solani
and

Fusarium
oxysporum, and
Growth promotion
of tomato seedlings

Saharan et al.
(2015)

10.

Cu—chitosan
NPs

2-3

N/A

N/A

In vitro inhibition
of Rhizoctonia
solani and
Sclerotium rolfsii

Rubina et al.
(2017)

. | Cu—chitosan

NPs

374.3

+22.6

0.33

In vitro and in vivo
antifungal activity
against Curvularia
lunata in maize

Choudhary
et al. (2017a, b)

12.

Chitosan—
saponin NPs

373.9

+31

In vitro antifungal
activity against
Alternaria
alternata,
Macrophomina
Phaseolina, and
Rhizoctonia solani

Saharan et al.
(2013)

13.

Oleoyl-chitosan
NPs

296.9

N/A

N/A

In vitro inhibition
of spore
germination and
mycelia growth of
Verticillium
Dahaliae

Xing et al.
(2017)

Zn-chitosan NPs

200-300

+34

0.22

In vitro and in vivo
antifungal activity

against Curvularia
lunata in maize

Choudhary
et al. (2019a, b)

15.

Salicylic
acid-loaded
chitosan NPs

368.7

+34.1

0.1

In vitro and in vivo
antifungal activity
against post-
flowering stalk rot
(PFSR) of maize
caused by
Fusarium.
verticillioides

Kumaraswamy
et al. (2019)

16.

Ag-chitosan NPs

10-20

N/A

N/A

In vitro mycelium
inhibition of
Rhizoctonia solani,
Aspergillus flavus
and Alternaria
.alterneta

Kaur et al.
(2012)

(continued)
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Zeta
Sr. potential
no. | NMs Size (nm) | (mV) PDI Observations References
17. | Ag-chitosan NPs | <100 N/A N/A In vitro botryticidal | Moussa et al.
activity against (2013)
gray mold (Botrytis
cinerea) in
strawberry
18. | Ag-chitosan NPs | N/A N/A N/A In vitro antifungal | Mathew and
activity against Kuriakose
Aspergillus flavus | (2013)
and Aspergillus
terreus
19. | Silica-chitosan | 110 N/A N/A In vitro antifungal | Cao et al.
NPs activity against (2016)
Phomopsis
asparagi
20. | Chitosan- 754 N/A 9.1 = 1.74 | In vitro antifungal | Luque-Alcaraz
peppertree activity against etal. (2016)
(Schinus molle) Aspergillus
essential oil parasiticus spores
(CS-EO) NPs
21. | Mentha piperita | N/A N/A N/A In vivo antifungal | Beykia et al.
essential oils in activity against (2014)
chitosan— Aspergillus flavus
cinnamic acid in tomato during
nanogel post-harvest
storage
22. | Zataria 125-175 |N/A N/A In vitro and in vivo | Mohammadi
multiflora botryticidal activity | et al. (2015)
essential oils in against gray mold
chitosan (Botrytis cinerea)
nanoparticles in strawberry at
post-harvest stage
23. | Chitosan N/A N/A N/A Inhibited Monilinia | Cindi et al.
boehmite- laxa which caused | (2015)
alumina brown rot infection
nanocomposites during post-harvest
films and thyme storage of peaches
oil
24. | Thiadiazole- N/A N/A N/A In vitro antifungal | Li et al. (2013)
functionalized activity against
chitosan Colletotrichum
derivatives lagenarium,
Phomopsis
asparagi, and
Monilinia
fructicola

(continued)
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Zeta
Sr. potential
no. | NMs Size (nm) | (mV) PDI Observations References
25. | Fungicide zineb |4.11 +0.37 N/A N/A In vitro antifungal | Ngoc and
(Zi) and activity against Nguyen (2018)
chitosan-Ag Neoscytalidium
nanoparticles dimidiatum which
caused brown rot
disease in dragon
fruit during
post-harvest
storage
26. | Chitosan- 76.58 0.25 =51 In vitro antifungal | Hossaina et al.
Thyme-oregano, | 69.9 0.21 =50 activity against (2019)
thyme-tea tree 57.9 0.32 -53 Aspergillus niger,
and thyme- Aspergillus flavus,
peppermint EO Aspergillus
mixtures parasiticus, and
Penicillium
chrysogenum,
reducing their
growth by 51-77%
in rice plant during
post-harvest
storage
27. | Chitosan-thymol | 17521 0.4 +0.1 | 37+2.7 | Invitro antifungal |Medina et al.
nanoparticles activity against the | (2019)
mycelial growth of
Botrytis cinerea in
blueberries and
tomato cherries
during post-harvest
storage
28. | Chitosan- 455-480 | N/A 39.3-37.2 | In vitro antifungal | Kalagatur et al.
Cymbopogon activity against (2018)

martinii essential
oil

Fusarium
graminearum.
Which causes
Fusarium head
blight disease in
maize during
post-harvest
storage

chitosan directly inhibits mycelia growth and (2) seeds treated with chitosan pro-
duce more phenolic compounds and lignin (Chookhongkha et al. 2012).

Chitosan NPs, synthesized using ionic gelation method, were investigated against

phytopathogenic fungi (Alternaria alternata, Macrophomina phaseolina, and
Rhizoctonia solani) at various concentrations ranging from 0.001 to 0.1% under
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in vitro conditions. The maximum growth inhibitory effects (87.6%) were found
against Macrophomina phaseolina at 0.1% concentration. The radial growth of
Rhizoctonia solani was reduced by all concentrations of chitosan NPs in a dose-
dependent manner (Saharan et al. 2013).

In another study, a biological method was used to prepare chitosan NMs using
anionic proteins isolated from Penicillium oxalicum culture. These biologically syn-
thesized chitosan NMs were significantly found to inhibit the growth of Pyricularia.
grisea, Alternaria solani, Fusarium oxysporum (Sathiyabama and Parthasarathy
2016). The inhibition rate for Pyricularia grisea, Fusarium oxysporum ciceri, and
Alternaria solani was found to be 92%, 87%, and 72%, respectively. Seed treatment
with these NPs exhibited positive morphological effect including enhanced percent
germination, vegetative biomass, and seed vigor index of chickpea (Cicer arieti-
num) seedlings. The efficacy of NMs could be attributed to their size as well as
highly permeable nature towards biological membranes (Shukla et al. 2013; Saharan
et al. 2015). Their small size, lower PDI value, and higher zeta-potential make these
NMs more stable and effective against tested phytopathogens.

A 100% suppression of rice (Oryza sativa) blast disease symptoms was observed,
in vivo, under detached leaf condition, when treated with chitosan NMs prepared
using ionic gelation method (Manikandan and Sathiyabama 2016). Chitosans of
different molecular weights have also been used to prepare chitosan NMs and check
their antifungal property against Fusarium head blight (FHB) in wheat (Triticum
aestivum) caused by Fusarium graminearum. The dynamic light scattering (DLS)
study indicated variable z-average size of NMs (180.9, 339.4225.7, and 595.7 nm).
Different concentrations of these NMs were tested to evaluate the inhibitory effect
on this pathogen, and the maximum growth reduction (77.5%) was found at
5000 ppm. In greenhouse trials, the area under disease progress curve (AUDPC)
decreased in plants treated with NMs (Kheiri et al. 2017).

2.2 Inorganic Based Chitosan NMs

Metals such as copper (Cu), zinc (Zn), and silver (Ag) have been explored in devel-
oping chitosan-based NMs as chitosan can easily chelate the metals (Choudhary
et al. 2017a). Functionalized chitosan with metals has enabled chitosan NMs more
suitable for controlling fungal diseases in plant.

2.2.1 Cu-Chitosan NMs

Copper (Cu) is a constituent of many enzymes like ascorbic acid oxidase, laccase,
phenolase, cytochrome oxidase, etc., and is therefore vital for photosynthesis, res-
piration, and carbon-nitrogen balance. Traditionally, it has been used as antifungal
agent in many commercially available pesticides (Saharan et al. 2015). Cu,
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therefore, has been tested for synthesis of smart chitosan-based NMs for controlling
fungal disease in plants.

In in vitro model, Saharan et al. (2013) observed 89.5, 63.0, and 60.1% growth
inhibition of Alternaria alternata, Macrophomina phaseolina, and Rhizoctonia
solani, respectively, at various concentrations of Cu—chitosan NMs. The higher
zeta-potential of chitosan NMs bestowed them a greater binding affinity for nega-
tively charged fungal membrane. In fungi, Cu (II) reduces to Cu (I) which produces
toxic H,O,, resulting in destruction of fungal cell viability. Pure chitosan nanogels
were produced to adsorb Cu (II) and assess their antimicrobial activities against
Fusarium graminarium. Antifungal activity was observed due to the strong syner-
gistic effect between chitosan and Cu. The MIC (Minimum Inhibitory Concentration)
of Cu (II) was observed as 250 pg/mL which decreased exponentially upon addition
of low amounts of chitosan either in solution or dispersion. Therefore, Cu (II) and
chitosan not only seem to be biocompatible and bioactive, but also display a strong
synergistic effect in antifungal activities (Brunel et al. 2013).

Porous Cu—chitosan NMs were also examined for their antifungal efficacy in
tomato (Solanum lycopersicum Mill). DLS, TEM, FTIR, SEM-EDS, and AAS were
used for physico-chemical characterization of NMs. In in vitro model, 0.12% con-
centration caused 70.5 and 73.5% inhibition of mycelia growth and 61.5 and 83.0%
inhibition of spore germination in Alternaria solani and Fusarium oxysporum,
respectively. In pots, tomato plants exhibited 87.7% percent efficacy of disease con-
trol (PEDC) in early blight, while 61.1% in Fusarium wilt. Cu—chitosan NMs mark-
edly exhibited higher antifungal activity along with only 1-2 mm small black or
brown lesions as compared with control plants. At 0.10 and 0.12% concentrations,
Cu—chitosan NMs were equally effective on early blight disease as was the com-
mercial fungicide (Saharan et al. 2015).

These NMs were further tested to boost defense responses in Zea mays maize
crop against Curvularia leaf spot (CLS) disease under in vitro as well as field condi-
tions (Choudhary et al. 2017b). Plants showed significant defense response through
higher activities of antioxidant (superoxide dismutase, SOD and peroxidase, POD)
and defense enzymes (polyphenol oxidase, PPO and phenylalanine ammonia-lyase,
PAL). In NMs treated plants, disease symptoms in the form of small lesions without
chlorosis were visualized after 7-8 days of fungal inoculation in pot experiment.
PAL activity increased from 46.15 to 66.66%, while PPO activity increased from
3.05 to 16.39%. Application of these NMs increased the activities of POD, PAL,
and PPO in plant which further enhanced the production of suberin, melanin, and
lignin for cell wall strengthening acting as a mechanical barrier to invading plant
pathogen (Kuzniak and Urbanek 2000; Fugate et al. 2016). In pot experiments, at
0.04 to 0.16% concentrations, Cu—chitosan NPs significantly controlled CLS dis-
ease while the same effect was observed at 0.12 to 0.16% concentrations of Cu—chi-
tosan NPs in field condition. Study further revealed that these NMs are pH responsive
as the Cu release rate increases as pH decreases in plant cell due to fungal infection.
The released Cu, therefore, acts smartly on invading fungi (Rubina et al. 2017).
Cu—chitosan NMs were prepared using metal vapor synthesis method and their
in vitro antifungal effects were checked on hyphal morphology and sclerotia
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formation in Sclerotium rolfsii and Rhizoctonia solani AG-4. These NMs were
found effective against both the tested fungi in a dose dependent manner (Rubina
et al. 2017).

2.2.2 Zn-Chitosan NMs

Zinc (Zn) is an essential micronutrient which helps the plants in maintaining their
cellular homeostasis. It plays a crucial role during plant’s reproductive and grain
filling stage and therefore its deficiency or unavailability can result into poor growth
and lower grain yield. Zn helps to carry out several biological processes such as
electron transport, gene expression, protein and auxin metabolism, structural and
functional integrity of biomembranes. It has been found that Zn deficiency in crop
also leads to disease suitability.

Zn-chitosan NMs were synthesized and evaluated for their antifungal activity via
seed priming and foliar application in maize plants (Fig. 1). These NMs (0.01-0.16%)
showed strong in vitro antifungal activity as evident by inhibition of fungal spore
germination. The plant immunity was further improved due to enhanced antioxidant
and defense enzymes activity, balanced reactive oxygen species (ROS) levels, and
more lignin accumulation caused by these NMs. In the field, 0.01-0.16% concentra-
tions were used for seed treatment and foliar application which significantly con-
trolled CLS disease and enriched the grain with Zn micronutrient from 41.27 to
62.21 pg/g DW.

Zn-chitosan NMs displayed high encapsulation efficiency (82%) and exhibited
slow release of Zn ions. At acidic pH (from 3 to 1), 20.84-42.80% Zn ions were
released rapidly due to protonation of chitosan (Choudhary et al. 2017a, b;
Kumaraswamy et al. 2018). It is important as these NMs act strongly when plants
are infected with fungi since sudden exposure of Zn (at low pH caused by fungi)
creates ions toxicity which averts the growth of fungal cells. Zn-chitosan NMs con-
trolled CLS disease up to 39.5% with significantly higher grain yield. Hence, these
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Fig. 1 TEM and SEM micrograph of Zn-chitosan NMs (Choudhary et al. 2019a, b, Copyright
permission from Elsevier)
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NPs could be an effective growth promoting, fungal disease controlling, and micro-
nutrient fortifying agent in maize crop (Choudhary et al. 2019a, b).

2.2.3 Ag-Chitosan NPs

Silver (Ag)displays multiple modes of inhibitory action against microorganisms
(Park et al. 2006). Although metallic Ag is relatively nonreactive, Ag nanoparticles
are exceedingly reactive because of their high ability to generate Ag* ions, which
are well known to induce ROS production. ROS are highly detrimental to microbial
cells as they can damage surface and interior proteins, lipids, and nucleic acids
(Storz and Imlayt 1999; Hwang et al. 2008). Therefore, Ag may be used to prepare
NMs as an antifungal treatment for various seed borne plant pathogens. Ag-chitosan
NMs exhibited the highest inhibition against Aspergillus followed by Alternaria
and Rhizoctoniaspecies. The observed zone of inhibition was 19.66 + 0.28,
16.33 £0.29, 12.66 + 0.76 against Aspergillus, Alternaria, and Rhizoctonia, respec-
tively. Thus, Ag-chitosan NMs may be used as an alternative to fungicides for con-
trolling seed borne phytopathogens (Kaur et al. 2012).

Nano Ag with irradiated chitosan NMs were investigated along with native chi-
tosan for their ability to hamper the growth of Botrytis cinerea Pers, the gray mold
of strawberry (Fragaria ananassa), that causes great losses in other agricultural
crops too. Ag-irradiated chitosan (IrCTS), as compared with its native fungal chito-
san, was found more effective and showed highest antifungal activity at a minimal
inhibitory concentration of 125 pg/mL (comprised of 20% Ag and 80% IrCTS).
Botrytis cinerea treated with the NMs had an obvious alteration in mycelial shape
as well as moderate lysis in fungal hyphae. Coating with these NMs led to 90%
control of gray mold infection after 7 days of storage and treated fruits still gave
fresh-like appearance at the end of storage. Hence, coating with nano Ag-IrCTS
solution could be highly recommended regarding its efficiency in prohibiting
Botrytis cinerea growth, preventing gray mold decay and enhancing the overall
quality of coated strawberry fruits (Moussa et al. 2013).

Chitosan was functionalized with 4-((E)-2-(3-hydroxynaphthalen-2-yl)
diazen-1-yl) benzoic acid by coupling of hydroxyl functional groups of chitosan
with carboxylic acid group of dye by DCC coupling method. The Ag NPs were
prepared by sol-gel method while Ag NPs-encapsulated functionalized chitosan
was prepared by phase transfer method. The products were characterized by FTIR,
UV-VIS, fluorescence, and Nuclear Magnetic Resonance (NMR) spectroscopic
methods and by SEM and TEM analysis. The light-fastening properties of the chro-
mophoric system were enhanced when attached to chitosan and they were further
improved by the encapsulation of Ag NMs. Their antibacterial analysis was carried
out against Aspergillus flavus and Aspergillus terreus by diffusion plate method and
found inhibition zone (20.2 + 0.15 and 27.0 = 0.38 mm), showing that NPs can be
used for antifungal applications (Mathew and Kuriakose 2013).
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2.2.4 AgNPs, Chitosan, and Fungicide Zineb (Zi) NMs

Ngoc and Nguyen (2018) examined the synergistic effect of AgNPs, chitosan (CS),
and fungicide zineb (Zi) as antifungal materials against Neoscytalidium dimidiatum
in (Hylocereus undatus) dragon fruit. The researchers synthesized Ag@CS by
encapsulating AgNPs in CS polymer and then combined with Zi. 4.11 = 0.37 nm
was recorded as diameter of spherical nanoparticles as confirmed by TEM. Ag@CS
showed better antifungal ability as compared with each component alone against
N. dimidiatum. At 5 ppm of Ag@CS, the zone of inhibition was found to be
15.00 = 0.00 mm which was better than that of Ag alone (13.33 = 0.58 mm) at
10 ppm . When pure Zi at 500 and 1000 ppm (inhibition zone, 5.00 + 0.00 mm) was
incapable of removing the fungi, the zone of inhibition of Ag@CS-Zi increased to
12.00 + 0.00 mm, which was nearly equivalent to 5 ppm Ag (12.33 + 0.58 mm) and
much higher than 5000 ppm of Zi (9.00 + 0.00 mm). Ag@CS-Zi at 2500 ppm of Zi
gave inhibition zone of 20.67 + 0.58 which showed its high antifungal activity as
compared with each of individual component.

2.3 Organic Based Chitosan NMs

Essential oils (EOs) which obtained from plants are aromatic and volatile. They are
present in stems, bark, leaves, fruits, etc. (Oussalah et al. 2006). Compounds such
as terpenoids and phenolic acids are some of the EOs which are extracted from
plants. The food industry used EOs as natural antimicrobials because of their anti-
fungal and antimicrobial properties. (Tassou et al. 1995; Burt 2004; du Plooy
et al. 2009).

Many reports have shown that NMs functionalized with essential oils have sig-
nificant antimicrobial activity because of their chemical stability and solubility,
decreased fast evaporation and degradation of EO active components. The con-
trolled and sustained released nature of encapsulated EOs which enhance their bio-
availability and efficacy against multidrug-resistant pathogens (Chouhan et al.
2017). As EOs have the property of hydrophobicity, it helps in the partition of lipid
present in the cell membrane of the pathogen resulting in the leakage of molecules
and ions leading to its death. The activity of essential oils depends on its composi-
tion, functional groups present in active components, and their synergistic interac-
tions. Nanoencapsulation of bioactive compounds can be used as an efficient
approach to enhance the physical stability of the active ingredient. It can also pre-
vent their interactions with the food components, thus enhancing their bioactivity
due to their subcellular size (Donsi et al. 2011). Chitosan, having the properties of
biocompatibility, low toxicity, and biodegradability, its encapsulating with EOs is of
much interest. (Muzzarelli 2010; Donsi et al. 2011; Harris et al. 2011; Luo
et al. 2011).
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2.3.1 Zataria multiflora Essential Oils in Chitosan

Chemical fungicides have been used as a preventive measure of fungal attack during
post-harvest storage. However, use of these synthetic fungicides has raised health
related questions. So, application of plant EOs at post-harvest stage has been con-
sidered as an alternative management to prevent post-harvest decay (Aloui et al.
2014). Zataria multiflora Boiss EOs (ZEO) is one of the EOs which appear as
potential natural compounds for controlling post-harvest loss in fruits. Quantitatively,
the most abundant components in hydro-distilled ZEO are oxygenated monoter-
penes (~70%) followed by monoterpene, sesquiterpenes, and oxygenated sesquiter-
penes (Sajed et al. 2013). The volatile compounds of EOs are used to maintain fruit
quality and decrease fungal decay, but they are easily degraded by high temperature,
pressure, light, and oxygen. Furthermore, they are insoluble in water and, for certain
applications, a controlled release is required (Martin et al. 2010). Therefore, sus-
tained and controlled released is crucial to obtain maximum benefits of using EOs
as antimicrobial agents.

Nano-/microencapsulation technology of these compounds can be a practical
and efficient approach to solve some of these problems such as the physical instabil-
ity. Mohammadi et al. (2015) investigated the nanoencapsulation of ZEO in chito-
san nanoparticles (CSNPs) to enhance antifungal activity and stability of the oils
against Botrytis cinerea, the causal agent of gray mold disease in strawberry. Ionic
gelation method was used for encapsulation of ZEO with CSNPs and found an aver-
age size of 125-175 nm, as observed by TEM. In vitro release studies also demon-
strated a controlled and sustained release of ZEO for 40 days. There was a superior
activity of ZEO when encapsulated by CSNPs under both in vitro and in vivo condi-
tions in comparison with unmodified ZEO against Botrytis cinerea. At 1500 ppm of
encapsulated oils, both disease severity and incidence of Botrytis-inoculated straw-
berries significantly decreased during 7 days of storage at 4 °C followed by 2-3
more days at 20 °C. These findings showed the potential role of CSNPs as a con-
trolled release system for EOs in order to enhance antifungal activities.

2.3.2 Chitosan-Thymol Nanoparticles

Thymol (2-isopropyl-5-methylphenol) is the major antimicrobial agent of the aro-
matic plant thyme (Thymus vulgaris). It has a strong antimicrobial property because
of its capability of binding bacterial proteins and giving rise to disintegration and
permeability of the cell membrane (Juven et al. 1994). Thymol affects energy-
generating processes, which makes the cell unable to recover (Ahmad et al. 2011).
It, therefore, may be incorporated as a natural antifungal agent in an active packag-
ing to increase shelf-life of foods (Mirdehghan and Valerob 2017).

Medina et al. (2019) conducted the experiment to improve the performance of
quinoa protein/chitosan edible films on the extension of post-harvest life of blueber-
ries (Cyanococcus) and tomato cherries by addition of chitosan-thymol nanoparti-
cles prepared by ionic gelation method. They obtained NPs with a hydrodynamic
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diameter (175 = 21 nm) similar to the diameter measured by TEM (153 + 42 nm).
The PDI and zeta-potential values were 0.4 + 0.1 and 37 + 2.7 mV, respectively.
Inhibition of radial mycelia growth by chitosan-thymol nanoparticles (CTNPs), chi-
tosan nanoparticles (CNPs), and chitosan/thymol (CT) blend was evaluated in dif-
ferent dilutions added to the potato dextrose agar having the same concentrations of
active compounds. CTNPs formulation recorded 100% inhibition for all dilutions
(10, 25, and 50%, v/v), whereas CT blend showed total inhibition only at a higher
concentration (50% v/v). CNP showed lowest inhibition of mycelia growth (74%)
at higher concentration (50% v/v). Therefore, CTNPs was the only treatment that
showed inhibitory effect at the lowest dose (10%).

2.3.3 Chitosan-Thyme-Oregano, Thyme-Tea Tree and Thyme-Pepper
Mint Essential Oils

Bio-nanocomposite based packaging containing plant-derived EOs are presently
playing an important role in controlling fungal contamination and proliferation in
processed food (Hossain et al. 2017). EOs are more efficiently used in foods when
encapsulated in proper delivery systems to overcome dosage limitations and increase
the biological stability of active compounds (Van Long et al. 2016). Bioactivities of
EOs get enhanced when encapsulated at the nanosize. They pass the cell mem-
branes through passive mechanism or tissue infusion, thereby enabling the reduc-
tion of the EOs doses required to ensure antimicrobial activity (Bilia et al. 2014).
Flavor, natural aroma, and taste of food maintain the same because of low doses of
the bioactive compound applied (Lu et al. 2016).

Hossaina et al. (2019) prepared cellulose nanocrystals (CNCs) reinforced
chitosan-based antifungal films by encapsulating EOs nanoemulsion. Chitosan-
based nanocomposite films carried with thyme-oregano, thyme-tea tree, and thyme-
peppermint EOs mixtures showed reduction of fungal growth by 51-77% against
Aspergillus niger, Aspergillus flavus, Aspergillus parasiticus, and Penicillium
chrysogenum in inoculated rice during 8 weeks of storage at 28 °C. Nanoemulsion
prepared with thyme-oregano, thyme-tea tree, and thyme- peppermint have
z-averages 76.58, 69.9, 57.9 nm, PDI 0.25, 0.21, 0.32, and zeta-potential =51, —50,
—53 mV, respectively. They showed 83.73 +2.55,75.60 + 1.27, and 87.95 = 6.81%,
respectively, inhibition against A. niger after 24 hrs of inoculation. There was a slow
release of volatile compounds (26%) and the rice samples packed with bioactive
film showed no different change in color, taste, and odor over 12 weeks of storage.
CNCs incorporated with chitosan matrix played an important function in stabilizing
the physico-chemical and release properties of the nanocomposite films.



Smart Nano-Chitosan for Fungal Disease Control 37

2.3.4 Chitosan with Cymbopogon martinii Essential Oil

Cymbopogon martinii, also known as Indian geranium/motia/rosha, is a tropical
herbaceous grass belonging to family Poaceae (Duke 1993). Bioactive compounds
such as geraniol caryophyllene, humulene, geranyl acetate, linalool, selinenes, lim-
onene, etc. are some of the chemical constituents of its EOs (Rao et al. 2005; Cannon
et al. 2013; Verma et al. 2013; Kakaraparthi et al. 2015).

The antifungal activity of Cymbopogon martini EOs (CMEOs) was investigated
against Fusarium head blight disease in maize, caused by the post-harvest pathogen
Fusarium graminearum (Kalagatur et al. 2018). They found that the minimum
inhibitory concentration and minimum fungicidal concentration of CMEOs were
421.7 £ 27.14 and 618.3 £ 79.35 ppm, respectively. There was a morphological
change in vesicles, craters, protuberance, and rough surfaces in macroconidia when
exposed with CMEOs as compared with control. ROS content and lipid peroxida-
tion were increased, which induced the death of fungi. Chitosan encapsulated
CMEOs nanoparticles (Ce-CMEO-NPs) were synthesized with spherical morphol-
ogy of size 455-480 nm and zeta-potential of 39.3-37.2 mV. FTIR analysis con-
firmed that bioactive constituents of CMEOs were well stabilized due to chitosan
conjugation and successfully formed Ce-CMEO-NPs. A stabilized complex struc-
ture formed between chitosan and CMEOs increased the lifetime antifungal activity
of CMEOs by gradual release of antifungal constituents of Ce-CMEO-NPs. Maize
grains were used as sample material to check the antifungal and antimycotoxin
activities of CMEOs and Ce-CMEO-NPs against F. graminearum under laboratory
conditions over a storage period of 28 days. Ce-CMEO-NPs and CMEOs reduced
fungal growth at 700 ppm and 900 ppm, respectively. Ce-CMEO-NPs offered com-
petent and enhanced antifungal and antimycotoxin activities as compared with
CMEQO, and it could be due to persistence of antifungal activity by controlled release
of antifungal constituents from Ce-CMEO-NPs.

2.3.5 Chitosan with Pepper Tree (Schinus molle) Essential Oil

Schinus molle (Anacardiaceae), also known as pepper tree, has EOs with antimicro-
bial properties (Lopez et al. 2014). The chemical constituents of EOs, such as GFC;-
pinene, GFC;-phellandrene, f-phellandrene, limonene, monoterpenes, and myrcene,
are found in pepper tree. Efficacy of its EOs against the filamentous fungi of
Fusarium solani has been proved (Rhouma et al. 2009). At 500 ppm of pepper tree
EOs, the mycelium inhibition of up to 53.5% was found against Aspergillus flavus
(Dikshit et al. 1986). It also exhibited substantial antifungal activity against
A. japonicus, A. niger, and A. oryzae (Martins et al. 2014). A minimum inhibitory
concentration of >1000 mg/mL of the oil was found against A. fumigates (Alanis-
Garza et al. 2007).

Luque-Alcaraz et al. (2016) synthesized chitosan nanoparticles, encapsulating
pepper tree EOs having the size distribution of 754 + 7.5 nm and zeta-potential of
+9.1 £ 1.74 mV. They tested the effect of different concentrations of chitosan



38 K. A. Devi et al.

nanoparticles encapsulated pepper tree EOs on the viability of A. parasiticus spores.
It was found out that all treatments reduced the viability of fungal spores compared
with control. These results indicated that the addition of pepper tree EOs in chitosan
bionanocomposites is an alternative that preserves the antifungal properties of both
components, decreasing the tendency to volatilization of EOs and consequent loss
of activity.

2.3.6 Mentha piperita Essential Qils in Chitosan—Cinnamic Acid Nanogel

Beykia et al. (2014) investigated the encapsulation of Mentha piperitaEOs in chito-
san—cinnamic acid nanogel to increase stability of oils and antimicrobial activity
against Aspergillus flavus. They found out that because of encapsulation, the extract
possessed remarkable antifungal properties against A. flavus. The minimum inhibi-
tory concentrations of encapsulated and free EOs against A. flavus under sealed
condition were 500 and 2100 ppm, respectively. However, when experimented
under non-sealed condition, the encapsulated oils performed better result (800 ppm)
compared with the free oils which failed to caused complete inhibition within the
concentration range tested (up to 3000 ppm). These findings revealed the promising
role of chitosan—cinnamic acid nanogel as a carrier for EOs to enhance their antimi-
crobial properties.

2.3.7 Thyme Oil with Chitosan/Boehmite

Cindi et al. (2015) had done their investigation on polyethylene terephthalate (PET)
punnets which contained thyme oil (TO sachets) and also packed with chitosan/
boehmite nanocomposite lidding films. They found out that, in artificially inocu-
lated peach fruits (cv. Kakawa) (Prunus persica) by Monilinia laxa, the incidence
and severity of brown rot were reduced when stored at 25 °C for 5 days. Moreover,
in naturally infected fruits, the brown rot incidence was reduced to 10% when stored
at 0.5 °C, 90% RH for 7 days. Active compounds such as thymol (56.43%),
f-linalool (37.6%), and caryophyllen (9.47%) were maintained within the punnet.
The appearance, taste, and natural peach flavor were remains as such so people
preferred fruits packed from commercial punnet containing thyme oil (sachets) and
sealed with chitosan/boehmite nanocomposite lidding films.

2.3.8 Thiadiazole-Functionalized Chitosan Derivatives

Li et al. (2013) revealed that a group of novel water-soluble chitosan derivatives,
such as 1,3,4-thiadiazole (TPCTS), 2-methyl-1,3,4-thiadiazole (MTPCTS), and
2-phenyl-1,3,4-thiadiazole (PTPCTS), had antifungal activities against plant-
threatening fungi such as Colletotrichum lagenarium, Phomopsi asparagi, and
Monilinia fructicola. The inhibitory index was recorded as 31.6% at 1.0 mg/mL
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against the growth of C. lagenarium. The antifungal activities of chitosan deriva-
tives were given better result as compared with chitosan. Among the chitosan deriv-
atives tested, MTPCTS gave the best result with the inhibitory indices of 75.3, 82.5,
and 65.8% against C. lagenarium, P. asparagi, and M. fructicola, respectively, at
1.0 mg/mL . The length of alkyl substituent in thiadiazole and the hydrophobic
moiety tend to affect the antifungal activity of chitosan derivatives.

2.3.9 Salicylic Acid-Chitosan NMs

Salicylic acid (SA) is a naturally occurring vital phenolic compound involved in
plant’s signal transduction pathway for the onset of systemic acquired resistance
(SAR) (Raskin et al. 1990; Malamy et al. 1992; Vlot et al. 2009). It is a key element
for photosynthesis, vegetative growth, respiration, flower formation, up-regulation
of seed germination, senescence, thermogenesis, and cellular redox homeostasis
(Khan et al. 2015).

Exogenous application of SA as seed treatment and foliar application induced
many metabolic processes in plants and could be an alternative approach for con-
trolling disease, enhancing plant growth and yield. Therefore, SA-chitosan nanopar-
ticles (SA-CS NPs) have been investigated as a biostimulant for promoting plant
defense and growth in maize. SA-CS NPs induced significant physiological-
biochemical responses under in vitro and in vivo conditions (Fig. 2), as elevated
antioxidant-defense enzyme activities (SOD, catalase, peroxidase, etc.), balanced
ROS, cell wall reinforcement by lignin deposition, disease control, and plant growth
in maize. In field 59.4% and in pots 37.3-49.5% (at 0.01-0.16% concentration)
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Fig. 2 Salicylic acid-chitosan NMs (Kumaraswamy et al. 2019, copyright permission from
Elsevier)
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control of post-flowering stalk rot (PFSR) disease and 57.8% yield enhancement
was evident in SA-CS NPs application. NPs at the concentrations of 0.08 and 0.16%
significantly evaded in vitro mycelia growth from 62.2 to 100% and spore germina-
tion from 48.3 to 60.5%. In NPs treatments (0.01-0.16%), plants endowed reason-
ably reduced disease severity (25.2 to 33.0%) and higher disease control (PEDC
values from 40.5 to 59.4%).

With +34.1 mV zeta-potential, SA-CS NPs were stable in aqueous due to elec-
trostatic repulsion between NPs which averts aggregation and agglomeration of
NPs. FTIR study revealed the interaction of -COOH group of SA to primary amide
of chitosan. Slow release of SA from SA-CS NPs significantly amended physiologi-
cal and biochemical responses in maize plant for commendable disease control,
plant growth and yield as compared with sole SA application. Fusarium verticillioi-
des is an intercellular endophytic pathogen where symptoms appear at flowering
stage, so most of the approaches of disease control may not be effective. Thus,
application of SA-CS NPs as seed treatment and foliar application before flowering
stage can be an effective and preventive approach through boosting plant innate
immunity even before the onset of pathogen infection (Kumaraswamy et al. 2019).

2.3.10 Silica-Chitosan NMs

Since the discovery of Mobil Crystalline Material 41 (MCM-41), research and
development of mesoporous silica nanoparticles (MSNs) has gained worldwide
interest due to MSNs’ unique properties. These include biocompatibility, low cost,
large surface area, tunable pore size for high loading capacity, and ability for tar-
geted and controlled release with surface functionalization and polymer coatings
(Wu et al. 2013; Sun et al. 2015).

Bernardos et al. (2015) reported that EOs loaded into MSNs had sustained anti-
fungal activity against A. niger. MSNs were synthesized by liquid crystal templat-
ing mechanism. A  water-soluble chitosan derivative (N-(2-hydroxyl)
propyl-3-trimethyl ammonium chitosan chloride, HTCC) was used to encapsulate
pyraclostrobin (a fungicide)-loaded MSNs. Through physico-chemical and struc-
tural analyses, it was proved that electrostatic interactions and hydrogen bonding
were responsible for the formation of HTCC-capped MSNs. The loading efficiency
of NPs increased to 40.3% by HTCC coating as compared with using bare MSNs as
a single encapsulating material (26.7%). Initially, a rapid release of pyraclostrobin-
loaded NPs was observed but later it showed a slow and sustained release. Almost
same fungicidal activity was expressed by pyraclostrobin-loaded HTCC-capped
MSNs with half doses of pyraclostrobin against Phomopsis asparagi (Sacc.), which
resulted into lower application of pesticide and improved utilization efficiency.
Therefore, HTCC-decorated MSNs demonstrated great potential as nanocarriers in
agrochemical applications (Cao et al. 2016).
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2.3.11 Chitosan—-Saponin NMs

Saponins are complex glycosidic compounds known for their fungistatic activities
(Chapagain et al. 2007). Their self-assembly property in aqueous media has been
successfully exploited in chitosan—saponin nanoformulation against cancer cells
(Rejinold et al. 2011). But its ability to suppress plant fungal growth was first stud-
ied by Saharan et al. (2013), when they synthesized chitosan—saponin NPs to test
their synergistic activity against phytopathogenic fungi (A. alternata, M. phaseo-
lina, and R. solani). These NPs were prepared using ionic gelation method by inter-
action of chitosan, sodium tripolyphosphate, and saponin. Their particle size,
polydispersity index, zeta-potential, and structures were confirmed by DLS, FTIR,
TEM, and SEM. These NPs inhibited 80.9% of mycelia growth at 0.1% w/v con-
centration and also showed a dose dependent effect on mycelia growth.

2.3.12 Oleoyl-Chitosan NMs

Many scientists have reported about the hydrophobic modifications of chitosan and
NP formation by self-aggregation in water. These modifications can introduce
hydrophobic groups into chitosan and produce chitosan amphiphilic polymers.
Some of these chitosan amphiphilic derivatives can form nanosized self-aggregates
in aqueous solution. Derivatives of chitosan having long chain fatty acyl are novel
hydrophobic modifications that can form nanoparticles (Xing et al. 2016).

Therefore, oleoyl-chitosan NPs were synthesized using oil-water emulsification
method based on O-chitosan, which involved grafting a monounsaturated fatty acid
residue, C,5 oleoyl group, onto the NH, at C-2 in the chitosan structure (Xing et al.
2016). These NPs were examined for their antifungal activity against Verticillium
dahlia which causes wilting in woody and herbaceous plants, a problem for which
no effective controls have been devised yet. Oleoyl-chitosan NPs dramatically
decreased the mycelium growth showing the highest antifungal indexes of 86.81%
at 2 mg/mL, and also affected the spore germination and hyphae morphology as
crumpled hyphae and spores, thickened cell walls, disappearance of membranous
organelles, massive vacuolation of the cytoplasm, and cell wall-plasmalemma sepa-
ration as observed in SEM and TEM studies. O-chitosan NPs showed inhibitory
effect at all tested concentrations which was reversibly concentration-dependent.
The dry weight of mycelia was much lower than the control group at pH 4.5 and 5.0.
The inactivation of spores by NPs occurred via one of the following mechanisms.
Specifically, O-chitosan NPs at lower concentrations could mainly induce an inhibi-
tion effect, while at higher concentrations, they primarily led to flocculation.
Therefore, the antifungal capability of O-chitosan NPs could restrain the germina-
tion and tube growth of conidia. Moreover, these NPs having the characteristics of
both coagulants and flocculants could disrupt the dispersion state of spores (Dong
et al. 2014; Xing et al. 2017).
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3 Conclusion

Review of literature confirms that chitosan is a versatile biomaterial that exhibits
remarkable fungicidal activity. It can be easily maneuvered through various physi-
cal and chemical techniques. Functional groups of chitosan (-NH, and —OH) enable
this biopolymer to provide unique platform to make smart fungicides by functional-
izing it with inorganic/organic substances to expend its application horizon. In this
notation, new generation agrochemicals (like fungicides) can be synthesized which
can act smart and timely at lower dose. Chitosan biopolymer has flexible physico-
chemical properties to convert into smart nano-chitosan product with the help of
other bioactive compounds. Therefore, we expect to achieve the following charac-
teristics in new generation fungicides: (a) multi-targeted/multi-mode action to
arouse plant immune responses, (b) show direct antifungal activity, (c) slow/con-
trolled release of active component for timely and long lasting effects in crop
(Fig. 3). Therefore, chitosan-based NMs have great scope for creation of new gen-
eration fungicides which may be economical and ecofriendly, and give minimum
chemical load to the biosphere.
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The Use of Nanocarriers to Improve
the Efficiency of RNAi-Based Pesticides
in Agriculture

Olivier Christiaens, Marko Petek, Guy Smagghe, and Clauvis Nji Tizi Taning

Abstract RNA interference (RNAI) is a post-transcriptional gene silencing mecha-
nism whereby target gene messenger RNA (mRNA) is neutralized by double-stranded
RNA (dsRNA) homologous to the mRNA sequence. The pathway can be exploited
for pest and disease control purposes by delivery of exogenous dsRNA targeting a
gene essential for the target organism’s survival. The most likely dsRNA delivery
strategy for invertebrate pest control is through oral uptake, but transdermal dsRNA
uptake has been reported to lead to gene silencing in some species as well. To combat
plant-pathogenic fungi and viruses, methods that efficiently deliver dsSRNAs into
plant tissues are needed. While transgenic plants allow for efficient production of
such dsRNAs in the plants, non-transgenic spray-based applications are being devel-
oped as well. Although RNAI is highly effective in some species, for example, certain
beetle species, many insects and nematodes show a variable or lower sensitivity to
dietary uptake of dsRNA. In the past decade, several factors and barriers affecting
RNAI efficiency in insects have been identified, including dsSRNA degradation in the
insect body, inefficient cellular uptake of dSRNA, and an impaired endosomal escape
into the cytoplasm. Nanocarriers could play a role in enhancing the efficacy of
sprayable RNAi-based pesticides by helping to overcome some of these barriers.
Several proof-of-concept studies have shown that polymers, liposomes, and peptides,
among others could be used in this context but further advances are necessary to
optimize these delivery systems. Gathering inspiration from the medical field, where
RNAI is also being investigated as a potential therapeutics strategy, could drive for-
ward these agricultural applications. In this chapter, we present an overview of the
literature on RNAIi barriers and the use of these nanoparticles to increase RNAI effi-
cacy in agricultural pests. Finally, we also discuss a number of biosafety consider-
ations regarding RNAI and the use of these nanoparticle formulations.
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1 RNAi in Crop Protection: An Introduction

The search for novel and environmentally friendly crop protection strategies, allow-
ing us to complement or replace classical synthetic pesticides, is one of the major
challenges in agriculture for the coming decades. A promising strategy to combat
insects, nematodes, fungi, and viruses is to exploit the natural RNA interference
(RNAi) mechanism. This mechanism is present in all eukaryotic organisms and is
triggered by cellular uptake of double-stranded RNA (dsRNA) molecules which are
homologous to a target gene in the pest or pathogen. These dsRNAs are then pro-
cessed by the RNAi pathway within the cell which eventually leads to a depletion of
messenger RNAs (mRNAs) and proteins which are encoded by that particular target
gene. For RNAi-based pest control to occur, the most logical delivery route for
dsRNA to the target insect is via feeding, although successful RNAi could also be
achieved by topical application of dsSRNA on the insects. Regardless of the applica-
tion or delivery route, dsSRNA needs to be taken up inside the cells of the target
species, for example, the gut epithelial cells after ingestion, for gene silencing to
occur. Once dsRNA is present in the cytoplasm, it is further processed by the cel-
lular RNAi machinery. The cellular RNAi mechanism in insects is illustrated
in Fig. 1.

The first proof-of-concept for invertebrate pest control was provided in 2007 by
Baum et al. (2007) who showed that dsRNA specific for an essential gene in the
Western corn rootworm (WCR; Diabrotica virgifera virgifera) expressed by a trans-
genic maize plant leads to a significant mortality in WCR feeding from the roots of
these plants and also leads to a significant protection of the plant and its root system.
A decade earlier, however, the first RNAi-based transgenic plants designed for dis-
ease control were already on the market. This early success story is the Rainbow
papaya variety, which saved papaya culture in Hawaii by providing resistance
against the devastating papaya ringspot virus (PRSV) (Gonsalves et al. 2000). Since
these first proofs-of-concept, many studies have confirmed the potential of RNAI as
control strategy against a wide range of insect pests, but also against plant-parasitic
nematodes, fungi, and viruses. Studies have also investigated alternatives for the use
of transgenic plants (host-induced gene silencing, HIGS) and have shown that
dsRNA can also be sprayed on the field (spray-induced gene silencing, SIGS), lead-
ing to an efficient RNAi response (San Miguel and Scott 2016; Zhu et al. 2011).

A very alluring aspect of RNAI, especially from a biosafety point of view, is the
sequence-dependent mode of action, as it offers the possibility to design highly
species-selective control products. Indeed, Whyard et al. (2009) demonstrated that
dsRNAs can be designed to be specific at the species level, able to discriminate, for
example, between different species belonging to the Drosophila genus. However,
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Fig. 1 Schematic overview of the cellular RNAi mechanism in invertebrates. After successful cel-
lular uptake, long dsRNA is diced, by an enzyme called Dicer (DcR), into small interfering RNAs
(siRNAs) which are typically 19-22 nucleotides long. These siRNAs are then taken up in a protein
complex called the RNA induced silencing complex (RISC) which includes an Argonaute (Ago)
protein. Next, the double-stranded siRNA is separated into a passenger strand and a guide strand.
The former is removed from the complex, while the guide strand, which is complementary to the
target messenger RNA (mRNA), will then lead this complex towards this mRNA which eventually
leads to its degradation

several studies have shown that off-target effects and adverse effects in non-target
organisms (NTOs) cannot be excluded and that therefore dsRNA design is crucial
(Baum et al. 2007; Christiaens et al. 2018a; Bachman et al. 2013; Haller et al. 2019).
Another promising aspect from a biosafety point of view is the limited persistence
of dsRNA in the environment, including soil, water, and animals, limiting exposure
for NTOs, trophic chain persistence, and so on (Fischer et al. 2017; Parker et al.
2019; Albright IIT et al. 2017; Dubelman et al. 2014). Besides plant pest and disease
control, other intriguing applications of RNAI could find their way to agriculture as
well. One example is the use of dsRNA to target pathogens of beneficial insects,
such as viruses or parasites. Maori et al. (2009) demonstrated that feeding honey-
bees with dsRNA specifically targeting an Israeli acute paralysis virus (IAPV) gene
led to a lower infection rate and healthier bees. Other studies have confirmed this for
other viruses and other bees as well (Piot et al. 2015; Desai et al. 2012). Finally,
dsRNAs could theoretically also be used to alter plant characteristics, to increase
their pest resistance, or to alter their nutritional composition and post-harvest pro-
cesses. Even though these applications have so far mainly been explored using a
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HIGS approach and the emergence of CRISPR genome editing might make RNAi
less attractive for these particular types of applications, regulatory considerations or
the need for transient knockdown might still result in the choice to use a dsRNA-
spraying approach.

For a more comprehensive overview of the basic principles of RNAI in insects,
the application in agriculture, further details on the cellular mechanism and bio-
safety aspects, we can refer to the reviews by Joga et al. (2016) and Christiaens et al.
(2018a).

2 Barriers Affecting RNAI Efficacy in Invertebrates

RNAi-based biocontrol targeting invertebrate pest species such as insects, mites,
and nematodes requires the cellular uptake of the active molecule, dsRNA, in the
body by the target pest. Although some studies have suggested that uptake through
the integument of certain invertebrates could happen (Killiny et al. 2014; Zhang
et al. 2015a; Zheng et al. 2019; Niu et al. 2019), the most logical route of uptake for
these dsRNAs is through oral ingestion (Joga et al. 2016). Ingested dsSRNA eventu-
ally reaches the gut of the target insect and can then be taken up by the epithelial
cells. Although the evolutionary drivers for this are unknown, gut cells of many
invertebrates appear to internalize long dsRNA quite efficiently. Certain nematodes,
notably Caenorhabditis elegans, have highly evolved pathways for the uptake of
dsRNA, involving several sid-genes which are important in cellular uptake, cyto-
plasmic release, and also systemic transport of dSRNAs (Winston et al. 2002; Hunter
et al. 2006). However, recent research has revealed that C. elegans is a special case,
showing a strong expansion of RNAi-related effector genes compared to many other
nematodes, including plant- and animal-parasitic species (Dalzell et al. 2011). Sid-
like homologs have been found in the genomes of most insects, although the num-
ber varies depending on the insect order. Furthermore, their importance of these
proteins for efficient dSRNA uptake in insects is debated. Certain studies indicate
they play a role in efficient RNAi and dsRNA uptake, while other studies suggest
they are not involved. What has become clear is that clathrin-mediated endocytosis
plays a major role in dsSRNA uptake in insects (Cappelle et al. 2016). It is important
to note here that cellular dsSRNA uptake in invertebrates appears to be variable and
could be a major factor explaining variable RNAi efficacy between invertebrate spe-
cies (Cooper et al. 2019). Furthermore, an impaired cytoplasmic release of dsSRNA
from late endosomes was also recently reported in lepidopteran Sf9 cells (Shukla
et al. 2016; Yoon et al. 2017). For a comprehensive review on (cellular) uptake
mechanisms and their influence on RNAI efficacy in invertebrates, we can refer to
the recent reviews by Christiaens et al. (2018a) and Cooper et al. (2019).
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DsRNAs can be delivered to target pests in different ways. The first RNAi-based
pest control product on the market, Bayer’s SmartStax PRO maize plant, expresses
the insecticidal dsRNA in the plant itself. These dsRNAs, targeting the snf7 gene in
D. virgifera, are then ingested by the larvae feeding on the root, taken up in the gut
and eventually lead to a high mortality in the exposed larvae. Transgenic plants offer
an easy way to achieve a high exposure to the pest insect. However, public concerns,
development costs, and regulatory hurdles concerning GMOs have also led to the
development of other non-transformative application strategies, recently reviewed
by Cagliari et al. (2019). Depending on the target pest, dSRNA may require a plant
passage to allow dsRNA to be taken up. This is the case, for example, for phloem or
xylem sap sucking insects such as aphids and stinkbugs or for root-feeders. Some
proof-of-concept studies for non-transgenic in planta methods, such as stem injec-
tion, seed treatment, and root soaking, have been published (Hunter et al. 2012;
Taning et al. 2016a; Li et al. 2015). Alternatively, suitably formulated dSRNA which
is sprayed on the plants could potentially also be taken up by the plant. Examples of
such formulations and applications are described in the next section.

For many insects which feed on the green parts of the plants, spraying can be
the ideal non-transformative application strategy, as the practice of spraying is
commonplace in agriculture and dsRNA products could be combined with other
pesticides. dSRNA which is sprayed on the crop would then be ingested by the
target pests, ideally leading to an efficient gene silencing response and lethality.
However, as indicated before, dsSRNA is a natural molecule which has a relatively
short persistence in the environment. And while this is a benefit from a biosafety
point of view, it also makes the application and a long-term protection of the crop
challenging. Rapid degradation of dsRNA in the target organism after oral uptake
has been identified as a major barrier for efficient RNAi-based biocontrol in many
invertebrates and pest species, such as aphids, caterpillars, locusts, and beetles
(Prentice et al. 2017, 2019; Christiaens et al. 2016, 2014; Garbutt et al. 2013;
Castellanos et al. 2019; Guan et al. 2018; Garcia et al. 2017; Allen and Walker 111
2012; Wynant et al. 2014). As mentioned previously, additional barriers which
have to be taken into account besides dsRNA persistence are cellular uptake and,
if dsRNA is taken up, endosomal escape within the cell. Many of these barriers are
similar to those that are encountered in the search for RNAi-based therapeutics in
humans (Tatiparti et al. 2017). In pharmaceutical research, the use of nanoparticles
has proven to be crucial to get siRNA into the target cells and the same might also
be the case for applications in agriculture. Some of the above described barriers
could be overcome by using nanoparticles, for example, through protection of the
dsRNA against nucleolytic degradation or by improving cellular uptake in plants
or target pests. In the next two sections of this chapter, we will focus on recent
developments using nanoparticles to improve dsRNA stability and delivery in an
agricultural context. The next section focuses on invertebrate pests as target spe-
cies, followed by a section on non-transgenic in planta delivery of nucleic acids
and dsRNA in particular.
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3 Using Nanocarriers to Improve RNAi Efficacy
in Invertebrates

Unraveling the different obstacles involved in variable RNAI sensitivity between
different insect pest species has clearly indicated that RNAi-based products will
have to be formulated to overcome these barriers prior to their field application. A
possible solution is the packaging of the dsSRNA molecules such that they are pro-
tected from degradation by nucleolytic enzymes and can also be easily taken up and
released into target cells. Besides RNase enzymes present in the environment and
the target species, as discussed above, also UV radiation could affect dsSRNA effi-
cacy. To tackle these obstacles, formulations with nanocarriers have been employed
to improve RNAI efficiency, mainly by increasing the environmental stability of
dsRNA molecules, protecting them against degradation by nucleases and improving
target cell delivery of the dsSRNA molecules without affecting their ability to silence
targeted genes in the pest species. Delivery of dsRNAs into the cytoplasm could be
additionally enhanced by using nanomaterials that stimulate endosomal escape or
by conjugating nanoparticles with cell-penetrating peptides or viral capsid proteins.
It is important to prudently choose a nanocarrier system such that it has no unin-
tended negative effects on non-target organisms, keeping in mind that risk will be
assessed on a case-by-case basis. Nevertheless, the potential of exploiting nanocar-
rier systems to improve RNAI efficacy is indisputable and provides a way to the
future development of RNAi-based control products against current RNAi-
recalcitrant pest insects. An overview of publications employing nanocarriers to
improve RNAI efficiency in pest management is provided in Table 1.

Nanoparticles are generally defined as particles with sizes falling between 1 and
100 nm (Kumar et al. 2018). This range is however somewhat flexible in literature
with sizes ranging between 1 and 500 nm. Nanoparticles for nucleic acid delivery
can be designed using various types of molecules such as metals, sugars, peptides,
cationic polymers, and lipids, with quite a variety of different functions and possible
applications (Blanco et al. 2015). In the context of RNAi-based crop protection,
nanoparticles have been exploited with the objective to shield dsSRNA molecules
against UV radiation and nucleases present in the environment and digestive tract of
the target pest, which can otherwise degrade unprotected dsRNA molecules.
Moreover, some of these nanoparticles have been designed to enhance cell delivery
of the dsRNAs molecules once inside the digestive tract of the insect. Some exam-
ples of nanoparticles used to improve RNAi efficiency following oral exposure in
insects include chitosan, guanylated polymers, core—shell nanoparticles, liposomes,
and branched amphiphilic peptide capsules (BAPCs) (Table 1).

Most nanoparticles are designed with a positive charge to enable binding to
dsRNA which is negatively charged and are usually either biocompatible and/or
biodegradable. The association of the dSRNA molecule to the nanoparticle involves
electrostatic interactions between the phosphate groups present in the dSRNA mol-
ecule and the cationic groups present in the nanoparticles (for example, amino
groups) (Avila et al. 2014). Depending on the nanoparticles, this association process
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can result in nanoparticle-dsRNA complexes of different sizes, shapes, and struc-
tures (de Ilarduya et al. 2010), generally still maintaining the overall positive charge
for easy interaction and uptake through the cell membrane that is negatively charged.
It is important to note that the size, shape, overall charge, and geometry of the
nanoparticle-dsRNA complex can already be affected by physical barriers such as
the mesh-like peritrophic membrane that lines the gut of many insects. Additionally,
not all nanoparticles are appropriate for all applications, implying that the nanopar-
ticle must be tailor-designed to the biology of the target species in question. For
example, carbon quantum dots have been reported to be very effective in dSRNA
protection in the strong alkaline midgut of mosquito larvae, while silica-based
nanoparticles are inefficient, with dsSRNA completely degraded under these condi-
tions (Das et al. 2015). Similarly, lepidopteran insect pests such as Spodoptera
exigua possess a very alkaline gut environment; hence, nanoparticle stability in this
alkaline environment was achieved by modifying cationic polymethacrylate deriva-
tives with protective guanidine side groups (Christiaens et al. 2018b). These high
guanidine content nanoparticles protect dSRNA by forming stable complexes at
high pH and also enhance cellular uptake by probably imitating arginine-rich cell-
penetrating peptides. Like the guanidine containing nanoparticles, the BAPCs
nanoparticles also contain amino groups with pKa values ranging from 9 to 13. The
e-amino group of the lysine in BAPCs nanoparticles will remain protonated up to a
pH ~ 10.5, implying that these functional groups will be more stable in alkaline and
neutral environments. BAPCs associated with dsRNA targeting an essential gene
(glucose regulating protein 78 gene: BiP) in the RNAi-recalcitrant insect pest
A. pisum successfully improved RNAI efficiency through the oral route, causing the
premature death of aphids (half time of 4-5 days) compared to exposure to the same
amounts of unprotected dsBiP (half time of 11-12 days) (Avila et al. 2018). Another
effective group of nanoparticles that has been reported to improve RNAI efficiency
in insects is the small cationic core—shell nanoparticle. He et al. (2013) have suc-
cessfully demonstrated that by complexing cationic core—shell fluorescent nanopar-
ticles (FNP) with dsRNA targeting a midgut-specific chitinase gene of the Asian
corn borer, RNAI efficiency could be significantly improved, resulting in significant
target gene mRNA degradation and subsequently mortality. These examples indi-
cate that the exploitation of nanotechnology in combination with RNAi-based tech-
nology to improve RNAI efficiency will play an important role to overcome barriers
currently encountered in RNAi-recalcitrant insect pests.

Lipid-based delivery systems have also been exploited to improve RNAi effi-
ciency in insects. Lipid-based transfection reagents are known to naturally form
vesicles when brought into an aqueous solution containing dsRNA and these vesi-
cles are commonly known as liposomes. During the formation of liposomes, the
negatively charged dsRNA is enveloped by the positively charged lipids resulting in
the formation of a lipid bilayer particle which mimics the phospholipid bilayer of
the cell membrane (Dalby et al. 2004). Delivery of dsSRNA encapsulated in the lipo-
some into the cell then occurs by lipofection. Effectene-micelles encapsulating
dsRNA targeting an essential gene in A. aegypti have been exploited to improve
RNAI efficiency through feeding in this mosquito species. Similarly, by using the
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commercial transfection agent, Lipofectamine 2000 (Invitrogen), some studies have
reported an increase in RNAI efficiency through feeding in different Drosophila
species (Whyard et al. 2009; Taning et al. 2016b) and the tick species, Rhipicephalus
haemaphysaloides (Zhang et al. 2018), which are otherwise refractory to RNAi
through feeding.

Although still limited in research, the use of carrier proteins in delivering dsRNA
into cells has been reported to improve RNAI efficiency in insects. A representative
group of protein carriers are cell-penetrating peptides (CPPs), which are short chain
cationic peptides consisting of 10-30 amino acids with generally a high prevalence
of basic residues, such as arginine and lysine (Durzynska et al. 2015). CPPs are able
to enter cells while transporting a cargo such as dsRNA. The exact mechanism of
how CPPs enter the cell is not yet well known; however, it is assumed that endocy-
tosis probably plays a key role (Choi and David 2014). CPPs have been successfully
exploited to improve RNAI efficiency through feeding in the cotton boll weevil,
Anthonomus grandis (Gillet et al. 2017). In the study, a fusion peptide was designed
to contain both a dsRNA binding domain (DRBD) and a peptide transduction
domain (PTD). The PTD used in the design was an enhanced version of the arginine-
rich CPP trans-activating transcriptional activator (TAT) from the human immuno-
deficiency virus 1, which was modified to have extra properties that can enable the
escape of the fusion protein and its cargo from the endosome into the cytoplasm
(Vives et al. 1997; Wadia et al. 2004). dsRNA could bind to the DRBD of the CPP,
forming a ribonucleoprotein particle (RNP), which could quickly enter the gut cells
of A. grandis after oral exposure, leading to significant knockdown of the targeted
gene compared to the naked dsRNA (Gillet et al. 2017). While CPPs present an
intriguing delivery system, more research is required to fully understand how their
full potential could be exploited.

Virus-like particles (VLPs) represent another group of nanocarriers which could
be exploited to improve RNAI efficiency in insects (Kolliopoulou et al. 2017). VLPs
are synthesized by expressing viral capsid proteins in a production platform (bacte-
ria, plants, insects cells, cell-free, and in vitro) (Shirbaghaee and Bolhassani 2016),
where they naturally self-assemble into virus-like structures that can incorporate
cargoes such as nucleic acids (Aniagyei et al. 2008). VLPs are therefore empty
shells that use the same mechanisms as viruses to enter cells and thus can effectively
be designed to carry and deliver dsRNAs into the cytoplasm. Depending on the
origin of the VLP components, they could be tailored to deliver dsSRNA to specific
targeted species. These properties of VLPs could be exploited in crop protection to
not only improve RNAI efficiency by dsRNA protection and delivery, but also to
improve the specificity of the RNAi-based approach in the context of target pest
control. Large scale production platforms such as APSE RNA containers (ARCs),
established by the start-up company RNAgri, have already exploited this approach
to produce nanocontainers which can successfully encapsulate the desired small
RNA molecule (Killmer et al. 2019). These ARCs are expected to protect the dSSRNA
from degradation and also improve delivery into insect cells. Although still limited
in research, the potential of exploiting VLPs in agricultural biotechnology for pest
control is immense.
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4 Nanocarriers for Non-transgenic in Planta
dsRNA Delivery

Different from animal cells, plant cells have a very tough cellulose-rich cell wall
ranging from 0.1 pm to several micrometers in thickness. In addition, the plant cell
wall excludes particles larger than approximately 5-20 nm (Schwab et al. 2016),
making it a physical barrier for the delivery of biomolecules such as dsSRNA. Hence,
anumber of questions remain unanswered in relation to the delivery of large dSSRNA
fragments into plant cells, including the mechanism(s) of dsSRNA uptake into plant
cells and the stability of the topically applied dsSRNA to withstand environmental
conditions and provide long-term protection. This domain of non-GMO delivery of
dsRNA for an RNAI response is still in its infancy, and there is much attention to
nanomaterials (Demirer et al. 2019a, b; Landry and Mitter 2019).

One of the first reports of exogenous RNA application into plants for triggering
RNAI of a plant gene was in a patent of Monsanto (Sammons et al. 2014). Tobacco
plants (Nicotiana benthamiana) were pretreated with Silwet L-77 surfactant and
sprayed under pressure (with 2.5 bar) with 685-bp-dsRNA and 21-nt-sRNAs. After
this initial observation, other people tried infiltration with SRNAs conjugated to a
positively charged carrier peptide that combined a copolymer of histidine and lysine
with a CPP named Bp100. Interestingly, the conjugated dsRNA molecules could
also be absorbed by the roots and they also displayed biological activity throughout
the plant (Numata et al. 2014). In continuation, Monsanto developed a line of
“BioDirect technology” as a dsRNA spray application. However, there are no details
available in the public domain of this technology of siRNA/dsRNA with nanomate-
rials/co-formulants to realize an efficient plant uptake and RNAi response. Biodirect
focuses on bee health applications, targeting honeybee parasites and pathogens, and
the control of glyphosate-resistant weeds, tospovirus, canola flea beetles, and
Colorado potato beetles (http://nas-sites.org/biotech/files/2016/04/04-Jenkins.pdf).

In most studies investigating these non-transgenic in planta delivery methods,
the aim is to protect plants against viral infections. In 2001, Tenllado et al. (2004)
were the first to demonstrate the successful exogenous application of dSRNA mol-
ecules in plants. Today, virus diseases can be treated in various plants and crops, for
instance, maize, papaya, pea, orchid, tobacco (Mitter et al. 2017; Worrall et al. 2019;
Gan et al. 2010; Lau et al. 2014; Tenllado et al. 2003). For the success of RNA, it
is essential that the dSRNA remains stable. In an effort to increase the dsRNA stabil-
ity, the landmark paper of Mitter et al. (2017) demonstrated the binding of dsSRNA
to layered double hydroxide (LDH) clay nanosheets with an average particle size of
80-300 nm, also named “BioClay.” This use of BioClay allowed a sustained release
of the dsRNA over time and afforded protection against cucumber mosaic virus
(CMV) for at least 20 days when challenged on sprayed leaves and also on newly
emerged unsprayed leaves. What is already known on the mechanism is that the
BioClay product protects the dsSRNA from nucleases, and interestingly the dSRNA/
BioClay complex did not wash off even after rigorous rinsing. Extensive analysis by
TEM showed that, on the leaf surface, the atmospheric CO2 and moisture resulted
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in a gradual breakdown of BioClay into a biocompatible residue, and this process
released the dsRNA in the plant cell either by passive diffusion or active transport.
Today, this product is further developed by the University of Queensland in partner-
ship with their industrial partner Nufarm (https://qaafi.uq.edu.au/article/2018/09/
more-sustainable-crops-just-spray-away).

More recently, in 2019, Zhang et al. (2019) established the methodology of bio-
molecule delivery to plants with DNA nanostructures and detailed the design
parameters of importance for uptake in the plant cell. Also, they assessed the impact
of DNA nanostructure geometry parameters as size, shape, compactness, and stiff-
ness. Three different DNA nanostructures were used, namely 3D tetrahedrons, 1D
hairpin tiles (HT), and 1D nanostrings, to facilitate the delivery and biological
action of 21-nt SRNAs. As a model, this work by infiltration was done with leaves
of N. benthamiana. In detail, each nanostructure can attach a biological cargo to a
locus or loci through complementary base pair hybridization. The tetrahedron con-
tains one attachment locus at its apex, the nanostring contains 10 attachment loci at
the center of each of its constituent monomers, and the HT monomer contained one
attachment locus either at its center (HT-c) or, for a separate construct, an attach-
ment locus at its side (HT-s). Under the confocal microscope, the nanostructure-
conjugated sSRNAs entered the symplast and silenced GFP expression. Specifically,
the SRNAs conjugated to the 3D nanostructures and exhibited mRNA degradation
and also a translational arrest of the GFP. Taken all together, the use of carrier com-
pounds increased RNA delivery in plant cells, although it should be remarked that
they are still quite expensive and/or difficult to synthesize which may currently
hamper their commercial use. It also needs to be noted that depending on the method
of RNA application, the efficiency of RNAi fluctuated. For instance, Dalakouras
et al. (2018) investigated the delivery of hairpin RNAs and small RNAs into woody
and herbaceous plants by trunk injection and petiole absorption. When sRNA was
absorbed via the petiole, this was transported through the xylem. Also, when a 499-
nt GFP hairpin RNA (hpRNA) was applied on the petiole and/or via trunk injection
in grape and apple, this was found in the xylem and apoplast. This may be advanta-
geous to deliver non-processed dsRNA for insect pest control purposes.

5 Biosafety and Regulatory Considerations for the Use
of Nanoparticles in dsRNA Delivery

Ever-increasing concerns by consumers about pesticidal applications in agriculture
have made the biosafety aspect a very important factor in the development of new
products. The aim is to make new control strategies more selective and less persis-
tent in the environment, therefore minimizing the potential hazards and exposure to
non-target organisms (NTOs). One of the main reasons RNAi-based biocontrols
have attracted a lot of attention recently is because they hold great promise for a
biosafe and environmentally friendly pest control. The sequence-dependent
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mechanism allows for the design of highly species-selective dsSRNAs, limiting the
risk for gene silencing in NTOs (Whyard et al. 2009; Bachman et al. 2013, 2016).
Furthermore, the dsSRNA has a limited persistence in the environment and is
degraded quite rapidly in soil and aquatic environments (Fischer et al. 2017; Parker
et al. 2019; Albright I1I et al. 2017; Dubelman et al. 2014). An additional advantage
from a biosafety point of view is the fact that many species, notably vertebrates and
humans, have many cellular and extracellular barriers which prevent the uptake of
dsRNA from the environment and any biological activity. The risk of cellular uptake
in vertebrates after ingestion of dsRNA is generally considered as unlikely, due to
the fact that the gastrointestinal tract, the circulatory system, and other biological
fluids are very inhospitable environments for nucleic acids. For an extended litera-
ture overview of environmental risk assessment and food/feed safety aspects of
these dsSRNAs, we can refer to two recent reviews which were written for EFSA, as
a baseline information source (Christiaens et al. 2018a; Davalos et al. 2019).

The term “nanoparticles” as used in this chapter refers to a very broad range of
chemical or biological compounds which can have very variable effects on the envi-
ronment and on NTOs. Biosafety aspects of the nanoparticles as such will be dis-
cussed elsewhere and are not within the scope of this chapter. However, we would
like to draw attention to the fact that the use of nanoparticles to improve dsRNA
persistence on the field or to improve delivery in plants or invertebrates could
change some of the biosafety aspects which are related to dsRNA. For example, it
is a possibility that in future risk assessment of naked dsRNA products, certain
NTOs might be excluded from toxicity testing based on their general insensitivity to
dsRNAs due to the above discussed barriers. However, if nanocarriers are designed
to cross such barriers in target species, they might also lead to silencing effects in
these otherwise insensitive NTOs. Another aspect to take into account is the fact
that nanocarriers which are designed to improve cellular uptake in insect midgut
cells could possibly also do so in mammalian cells. Likewise, nanocarriers designed
to withstand nucleolytic degradation in nucleolytic environments (e.g., invertebrate
digestive tract) could lead to a longer persistence of dsRNA in vertebrates after
ingestion, leading to a more likely cellular exposure. These aspects should be taken
into account when considering the regulation of such products and regulators will
have to consider whether the active ingredient in such applications is still the dsSRNA
or whether the dsSRNA/nanocarrier complex is the relevant active ingredient.
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Abstract Understanding the interactions between engineered nanomaterials and
the environment is essential for unbiased assessments of their agricultural applica-
tions. Nano-based pesticides can potentially be safer and/or more efficient than
their conventional analogs. However, there is limited information about how
nanopesticides influence physiology and metabolism during their interactions with
plants, particularly, related to its mode of action. The main question herein is about
the interaction between nanopesticides and plants. In this chapter, we start from a
theoretical discussion on the complex organization of biological systems, offering
a variety of examples showing the effects of nanopesticides from uptake to the
mode of action. Moreover, we discuss different examples, how physiological and
metabolic responses can help us to understand the behavior of plants exposed to
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nano-based pesticides. Finally, we demonstrate that prediction models can be used
as a routine tool for monitoring and classifying plant response according to their
degree of resistance or tolerance to determined nanopesticide, aiming to understand
the specific characteristics of nanopesticides into plant systems.

Keywords Nanoagrochemicals - Intelligent plant protectant - Smart-agromaterials
- Plant systems - Nanopesticides

1 Introduction

Plant pathogens and diseases cause significant reductions and losses in crop produc-
tion. Thus, agrochemicals certainly play an important role in improving modern
agricultural practices. However, despite the advances in transgenic materials and
their potential benefits for plant management, the accumulation of pesticides and
fertilizers in modern agriculture has significantly increased over the last century.
This problem may be further intensified by an alarming increase in food demand
estimated in the range of 59-98% for total food by 2050 (Conijn et al. 2018).

As such nanotechnology holds emerging promise for addressing these problems
in agriculture and food production (White and Gardea-Torresdey 2018). Recently,
nanotechnology research on applications in the agrochemical sector has increased,
especially in the development and design of new plant-protection products (Kah and
Holfman 2014; Zhao et al. 2018a; Gomes et al. 2019; Lowry et al. 2019).
Consequently, nano-based plant-protection products can, and will, play an impor-
tant role in the future of agriculture (Fig. 1).

Despite the great potential of the nanopesticides to partially or totally substitute
the conventional agrochemicals by reducing the harmful impact to the environment
due to their improved pest control efficacy, shelf-life, solubility, site-specific uptake,
and decreased toxicity level for non-target organisms (Grillo et al. 2016; Worral
et al. 2018; Zhao et al. 2018a) not many nanomaterials-based plant-protectants
products have been commercialized for agricultural crop application (Campos et al.
2018; Worral et al. 2018). In fact, the technical development in the field of nanopes-
ticides has recently led to a new and increased concern over this new class of agro-
chemical compounds (Zhao et al. 2018a; Li et al. 2019a).

The major goals of recently proposed and novel nanopesticides are to serve as a
sustainable amendment, based on the nano-scale properties of the used materials.
Thus, nanopesticides are reported to be more potent when compared with analogs
and require lower application doses, consequently, reduce the final costs of crop
production (Kah and Holfman 2014; Adisa et al. 2019). So, in this chapter, we dis-
cuss the recent advances in plant disease management using nanostructured materi-
als themselves as a protectant as well as carriers for agrochemicals such as
insecticides, fungicides, and herbicides focused on the holistic understanding of
fundamental questions and addressing the scientific gap of plant systems interaction
with nanopesticides.
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Fig. 1 Nanomaterials as protectant or delivery systems to provide crop protection. This scheme
shows distinct nanomaterials as either protectants or carriers for controlled release of actives such
as insecticides, fungicides, and herbicides targeting of a wide range of pests

1.1 Nanomaterials Interacting with Plants

Plants constitute systems in which the cellular flux maintenance depends on complex
mechanisms that can be unregulated by environmental stressors such as biotic (her-
bivores, plant competition, pathogens) and/or abiotic factors (e.g., unfavorable con-
ditions of light, water, mineral availability) including nanopesticides and
nanoparticles. The adjustment responses are related to homeostatic ability (Fig. 2).

Negative interactions related to nanomaterials can trigger complex adjustment
responses (allosteric responses) from pre-existent information, in a predictive and
collaborative way in plants (Sterling 2014). On the other hand, some plants (species
and/or variety) when interacting with nanomaterials show metabolic changes that
can extrapolate the homeostatic normal range (McEwen and Wingfield 2003; Davis
2016). Thus, the knowledge of these limits can be important to identify tolerant and
non-tolerant varieties of nanomaterials to plant management in agricultural sys-
tems. Therefore, the tolerance plant responses are the key to the application of nano-
materials in agriculture.
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Fig. 2 Theoretical representation of the homeostatic status of an organism. Under optimal condi-
tions, the inner oscillations are minimal (blue continuum line) around the mean value (blue dotted
line), external factors increase the oscillatory amplitude (red lines), the self-stabilization is lost if
the tolerance limits are exceeded (Modified from Davis 2016 and Cannon 1929)

1.2 Uptake of Nanopesticides by Plants

Nanopesticides uptake occurs when a particle penetrates the cell walls of plants
after application. The cell wall acts as a semipermeable environmental barrier that
regulates the trafficking of exogenous materials across the cell membrane through
several pores to the plant cell. Therefore, the size, charge, and physicochemical
properties of nanopesticides play a critical role in their uptake through these pores.
The nanopesticides with a size smaller than the diameter of the cell wall pores can
easily penetrate the cell wall and reach the plasma membrane (Navarro et al. 2008).
Consequently, nanopesticides may enter plant cells through endocytosis, binding to
ion channels or carrier proteins, or by forming complexes associated with the trans-
porters of the plasma membrane (McKnight et al. 2003). Once in the cell cytoplasm,
nanopesticides also may interact with cellular organelles, DNA, hormones, pro-
teins, and other cell compounds and affect the plant biochemical, metabolic, or
physiological reactions at a particular site.

According to Pérez-de-Luque (2017), important knowledge has been gained
about the nanomaterials uptake by plants, although there are still gaps regarding the
internalization into plant cells. Additionally, different plant species can differ in
their metabolism and physiology, influencing the uptake of nanomaterials as
reported by Cifuentes et al. (2010), Larue et al. (2012), and Zhu et al. (2012).
Furthermore, the ways of application of the nanopesticides are crucial to determine
the efficiency of plant uptake (Fig. 3).

In the case of down-top movement, roots are specialized in the absorption of
nutrients and water; it is hypothesized that the macromolecular exudates excreted
by root cells might be responsible for the nanopesticides accumulation in the root
epidermis. Thus, the nanopesticides can migrate from the epidermal layer to endo-
dermal cells through the apoplastic route (Li et al. 2016a, 2016b). Nanopesticides
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Fig. 3 Principal pathways that nanopesticides can uptake in plants. The main parameters affecting
each pathway are annotated: F—function of; Kyy—coefficient of octanol-air partition; Kow—
coefficient of octanol-water partition; micro—soil symbiotic-microbiota; V/P—vapor—particle
portioning; AS—plant surface area; size—particle size in nm; sol,—water solubility; org—organic
matter content in the soil; lipid—plant lipid content

may also participate in indirect interaction by affecting soil properties and symbiotic-
microbiota (Degrassi et al. 2012; Simonin and Richaume 2015). On the other hand,
leaves present the stomatal pathway as the most likely route for nanopesticides
internalization in case of top-down movement, and the cuticle which hampers pen-
etration of substances (Eichert et al. 2008).

Concerning nanocarrier systems for delivering pesticides, herbicides, and plant
growth regulators (Fig. 4), the uptake mechanisms of nanopesticides by plants may
be more complex due to the composition of the carrier system. The ability of nano-
carriers to protect the active ingredient against degradation and to adsorb to plant
surface prolongs the contact time between the agrochemical and the plant surface
(e.g., epidermis of leaves or stems) and may be the major factor of efficiency of
these nanopesticides compared with the free form of agrochemicals (Pereira et al.
2014). Oliveira and co-workers (2015) hypothesized that the hydrophobic nanocap-
sules might interact with the leaf cuticle, hence increasing the delivery of an active
compound to the plant tissues, while at the same time decreasing the loss of the
active element to the environment.

Recently, Bombo et al. (2019) reported that the nanocarriers loaded with atrazine
herbicide penetrate the stomata, particularly in the hydathode regions. Hydathode
water pores can vary from a few to several microns in size, allowing the nanocarrier
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Fig. 4 Nanocarrier systems for delivering pesticides, herbicides, and plant growth regulators.
CNTs: carbon nanotubes; and SLNs: solid lipid nanocarriers

entry and direct access to the vascular system (Martin and von Willert 2000; Nguyen
et al. 2014). Depending on the type, composition, coating agent, physicochemical
properties, and exposure mode of the nanomaterials, they can be found inside cells
in roots, stems, and leaves, via transport in the vascular bundles (Andreotti et al.
2015; Doolette et al. 2015; Bao et al. 2016; Barrios et al. 2016; Bombo et al. 2019).
According to Nguyen et al. (2014), both negatively and positively charged nanocar-
riers can rapidly penetrate the leaf tissues; however, negatively charged nanocarriers
had a faster penetration than positively charged ones.

Cellular uptake, targeting, and intracellular trafficking of nanopesticides can be
improved by controlling the physicochemical properties of these nanomaterials,
such as size (1-100 nm), shape (irregular or geometrically defined), chemical prop-
erties, concentration, aggregation, including the target plant sensibility (Hussain
et al. 2016; Hayles et al. 2017) and other surface chemical properties (Albanese
et al. 2012). Additionally, the nanomaterial uptake and way of interaction also
depend on: (1) Mechanical effects related to size and form; (2) Interactions based on
affinity; (3) Catalytical and surface effects. Apart from size and shape effects, the
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last two ways of interactions include responses influenced by the presence and den-
sity of ligands able to interact with the receptor target (Albanese et al. 2012), and
responses related to the nanoparticle type, its charge and electrostatic interaction as
well as the chemical nature of cellular compost, for example, the transitory complex
particle-protein (Cerdervall et al. 2007; Yadav et al. 2011). These properties are still
not fully understood and are important to reveal the mechanisms involved in the fate
and toxicity of the nanopesticides (Fig. 5).

The size of the nanopesticide is crucial to determine the uptake efficiency into
the cell wall and, consequently, its permeability into the cell membrane and intracel-
lular trafficking. Understanding the role of nanopesticide size in cellular internaliza-
tion is a key factor for the design and development of more efficient nanopesticides.
After cell wall penetration, nanomaterials in the 120-200 nm size range are inter-
nalized via caveolin- or clathrin-mediated endocytosis, while nanomaterials larger
than 250 nm show an optimal internalization via phagocytosis (Rejman et al. 2004;
Lai et al. 2007; Panariti et al. 2012). Differently, nanomaterials with a size range
from 30 to 50 nm can interact with the cell membrane receptors and easy entry into
the cytoplasm via receptor-mediated endocytosis (Lu et al. 2009; Wang et al. 2010).

Another critical factor that affects cellular uptake and translocation pathways of
nanomaterials is its shape. Nangia and Sureshkumar (2012) using molecular dynam-
ics simulation approaches revealed distinct variations in translocation through cell
membranes for cone, cube, rice, rod, pyramid, and sphere-shaped nanoparticles.

Several studies have indicated the shape effects on nanomaterial internalization
by biological systems. Up to now, it has been found that there are different pathways

Size Shape Charge/Hydrophobicity

Phagocytosis S — 1

. . Caveolin-mediated Diﬁ’usllon :

Cytoplasm

Fig. 5 Schematic illustration of some physicochemical properties that influence the cellular
uptake of nanopesticides and different pathways of nanopesticides translocation across cell mem-
branes. The pathways usually include endocytosis (phagocytosis, clathrin- and caveolin-mediated)
and direct penetration (diffusion and pore formation)
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as to how nanoparticle shape affects its cell internalization. For instance, Yang and
co-worker (2010) reported that the nanoparticle could rotate itself to its sharp edge
when penetrating the plasmatic membrane by computationally simulating the inter-
action of nanoparticles with a lipid bilayer environment. Similar results have also
been found by other researchers using specific anisotropic nanomaterials (Titov
et al. 2010; Lelimousin and Sansom 2013; Yu et al. 2013). According to Xu et al.
(2008), after intracellular internalization, the layered double hydroxide was retained
in the cytoplasm, and nanorods were moved towards the nucleus by microtubules.

In addition to size and shape, surface charge and hydrophobicity characteristics
of the nanopesticides also play an important role in the cellular internalization and
intracellular trafficking pathways. Surface charge of nanomaterials affects translo-
cation across the cell membrane. The translocation time of the nanomaterial into the
membrane may increase from milliseconds to hours when the surface charge
decreases (Cho et al. 2009; Chu et al. 2014). Furthermore, a charged nanoparticle
may induce pore formation on the lipid membrane, and consequently, it may impair
the membrane stability and lead to an increase in toxicity (Goodman et al. 2004).

Adsorption or repulsion interactions between nanoparticles and cellular walls
with negative charges are dependent on nanoparticle charge (Shomer et al. 2003).
The negatively charged cellular walls facilitate the nanoparticle storage and subse-
quent uptake of positively charged nanostructures through the cell membrane.

Studies have shown that the positively charged nanoparticles have high translo-
cation and internalization than neutral and negatively charged nanomaterials
(Marano et al. 2011). Negatively charged nanopesticides may be internalized by
clathrin/caveolin-mediated endocytosis, whereas pinocytosis and micropinocytosis
are the mechanisms for positively charged (Dausend et al. 2008; Li and Gu 2010).

Hydrophobicity and hydrophilicity properties of nanomaterials are an important
factor in their interaction and translocation around biological membranes. For
instance, hydrophobic nanostructures can easily insert into cellular membranes due
to their preference by lipid tails (D’Rozario et al. 2009; Werner et al. 2012), being
able to produce inclusion in the plasmatic membrane (Curtis et al. 2015; Foroozandeh
and Aziz 2018).

On the other hand, hydrophilic nanomaterials could attach or leave the cellular
membrane and cannot insert into membranes (Liang 2013; Curtis et al. 2015).
Understanding these and other surface properties of nanomaterials may be helpful
for some theoretical and practical insights into the design of nanoparticles for appli-
cations in crop protection.

2 The Mechanism of Nanopesticide Action

In last years, an increasing number of publications have emerged concerning the
interactions of nanomaterials with plants (Rico et al. 2013; Peralta-Videa et al.
2014; Poscic¢e et al. 2016; Oliveira et al. 2018; Pontes et al. 2019). Most of these
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studies are focused on the potential toxicity of the nanomaterials and both positive
and negative effects have been reported.

The nanoparticle’s size and shape are related to mechanical effects on plants,
restricting the nanoparticles to specific sites in the plant or organ surface; however,
the consequences can be manifested throughout the vegetal body resulting in stimuli
or inhibition of plant growth. For example, carbon nanotubes (CNTs) of 3 nm can
promote the germination of tomato (Lycopersicon esculentum Mill.) due to its effects
on the entrance and water content in seeds (Khodakovskaya and Dervishi 2009). On
the contrary, carbon-based nanoparticles can induce a growth inhibition caused by
the mechanical damage due to a perforating effect on cellular or organelles mem-
branes (Hu et al. 2014; Zaytseva and Neumann 2016), involving a primary mecha-
nism of cytotoxicity (Chen and Bothun 2014). In addition, a mechanical blocking
induced by nanoparticles can cause clogging of the pores and capillaries, affecting
the sap transport (Asli and Neumann 2009; Dietz and Herth 2011).

For instance, colloidal suspensions of clay or titanium oxide nanoparticles can
affect the hydraulic conductivity in corn (Zea mays L.) roots inhibiting plant growth
and transpiration (Asli and Neumann 2009).

Other examples of pesticide effects related to the dust form of nanomaterials are
described as damage to the insect’s tegument impermeability (Hayles et al. 2017,
Benelli 2018). Nanoparticles of silica (SNPs) are related to the death of larval forms
of (Plutella xylostella L.) Lepidoptera due to tegument abrasion and spiracle block-
age (Shoaib et al. 2018). Similar effects are caused by diatomaceous earth on
Prostephanus truncatus (Horn), a coleoptera plague detected during the corn stor-
age (Kavallieratos et al. 2018). In addition, hydrophilic nano-silica presented high
toxicity to S. littoralis neonates increasing mortality rates by 80% when tomato
plants were experimentally infested with Spodoptera littoralis and treated with
350 ppm of nano-silica (El-bendary and El-Helaly 2013).

The effects of nanopesticides on plants are dependent on the physicochemical
properties of the nanomaterial. Characteristics such as type, concentration, free
charges on the particle surface or formed complexes, among others, can induce dif-
ferent responses in plants, these effects can be categorized as follows: (1) as a posi-
tive growth response to the germination process, induction of cellular elongation,
tolerance and resistance acquisition against biological and/or abiotic stress in the
environment; or (2) as negative growth inhibition related to the direct nanoparticle
phytotoxic effect or from the pesticide transported as nanopesticide, resulting in the
production of reactive oxygen species (ROS), which changes in the functional cell
balance and metabolic destabilization (Hossain et al. 2015; Maruyama et al. 2016).

Tables 1 and 2 summarize some nanomaterials and their effects on growth induc-
tion or inhibition of plants. For crop species, for example, low concentrations
(300-600 ppm) of zinc oxide nanoparticles (ZnO NPs) stimulate germination and
seedling growing of wheat (Triticum aestivum) (Mansoor et al. 2019). Similarly,
silicon dioxide nanoparticles (SiO, NPs) at the concentrations 40—-400 ppm improved
the germination of corn (Zea mays L) and bean (Phaseolus vulgaris L.) (Sharif-Rad
et al. 2016). Enhancement of germination was observed on Solanum lycopersicum
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Table 1 Growth stimulus directly and indirectly caused by nanoparticles or nanopesticides on

plants
Vegetal Nanoparticle type/
species exposition way Size/shape Main effects References
Zea mays L. SiO, NP/imbibition | 10-20 nm/ Improve Sharif-Rad et al.
spherical germination at (2016)
40 ppm
CeO, NP/50 mg-Ce | 2—4 nm/crystal | Changes in plant Spielman-sun
per L hydroponic photosynthesis and | et al. (2019)
gas exchange
Lycopersicon | Carbon (CNTs)/ —/Nanotubes 10—40 pg/mL Khodakovskaya
esculentum seeds in culture accelerate seed and Dervishi
Mill. medium germination, (2009)
increase vigor
SiO,NP/Petri dishes | 12 nm 8 g L improves seed | Siddiqui and
germination Al-Whaibi (2014)
CeO,NP/seeds, 30-75 nm/ 20 mg/L beneficial | Singh et al.
plants irrigation in spherical for growth (dry (2019)
plastic pots with mass)
sand
AgNPs+graphene ~18 nm/ Antibacterial Ocsoy et al.
oxide/spray on spherical activity at 16 ppm (2013)
plants
Eleusine Chitosan 20-50 nm/ Antifungal activity | Sathiyabama and
coracana nanoparticles spherical at CTZ solution Manikandan
Gaertn (CNPs)/seeds (1%) (2016)
imbibition
Oryza sativa | CNPs/leaves treated | 20-50 nm/ Antifungal activity | Manikandan and
L. with CNPs solution | spherical at (0.1% (w/v), Sathiyabama
500 pL/leaf) (2016)
Si and TiO, —/— Improve antioxidant | Rizwan et al.
NPs/foliar spray enzyme activities, (2019)
decrease Cd in
tissues
Zea mays L. | Au NPs/seeds 10-30 nm/ Germination Mahakham et al.
imbibition spherical or increase and (2016)
near-spherical | seedling growth
improvement at
10 ppm
Hyssopus SiO, NP/seeds 10-20 nm/ Improved seed Sharif-Rad et al.
officinalis L. | imbibition spherical germination at (2016)

Nigella sativa
L.

400 mg L!

(continued)
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Table 1 (continued)
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Vegetal Nanoparticle type/
species exposition way Size/shape Main effects References
Spinacia TiO, NPs/seeds - 0.25-4% increase of | Zheng et al.
oleracea L. imbibition germination and (2005)
vigor indexes at
2,5%
CeO, NP/foliar ~4-7 nm/— Metabolic Zhang et al.
spray reprogramming in (2019)
leaves and roots at
0.3 mg per plant
TiO, NP/seeds —/— Increase the Hong et al.
soaked antioxidant enzyme | (2005)
activities at 0.25%
Brassica TiO, NPs/roots or 14 nm/crystal | 10-100 mg/L Larue et al.
napus L. leaves exposition anatase induction of root (2012)
elongation
Triticum ZnO NPs/seed 30—40 nm/ 300-600 ppm shoot | Mansoor et al.
aestivum L. imbibition for 4 h sphere-crystal | length, shoot weight, | (2019)

and vigor index

increase
Avena sativa | ZnO NPs ~20-50 nm/ | 750 mg/kg improve | Maity et al.
L. sphere germination (2018)
TiO, NPs ~30-60 nm/ | percentage
crystal/sphere
CuO NPs ~50-80 nm/
sphere
AgNPs ~5-15 nm
crystal
Eruca sativa | AgNPs/seeds soaked | 5-17.5 nm/— | Root length Vannini et al.
Mill. induction at (2013)
10-20 mg L!
Brassica AuNPs/spray on 10-20 nm/ Seed germination Arora et al.
Jjuncea (L.) leaves spherical induction (25 ppm), |(2012)
Czern. plant growth, and
chlorophyll content
Cicer TiO, NPs/spray on | ~5-20 nm/— | Reduction of Mohammadi
arietinum L. leaves membrane damage | et al. (2013)
during cold stress
treatment at 5 ppm
Glycine max | CeO, NPs/substrate | 10-30 nm/ Stimulated plant Cao et al. (2017)
L. addiction spherical- growth at 100 mg kg
quadrilateral

L. (Lycopersicon esculentum Mill.) seeds; SiO, NPs also improved the germination
and seedling vigor (Siddiqui and Al-Whaibi 2014).

The effects of nanomaterials on plants, related to the doses or nanoparticles size
distribution, are well exemplified by Youssef and Elamawi (2018). So, they described
that lower concentrations of ZnO NPs (10 and 25 ppm) enhanced seed germination
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Table 2 Growth inhibition directly and indirectly caused by nanoparticles and nanopesticides on

plants

Nanoparticle type/

Vegetal species | exposition way Size/shape Main effects References
Allium cepa L. | ZnO NPs/bulb base 10-80 nm/— | Root growth Spielman-sun
immersion inhibition, cytotoxicity |et al. (2019)
and genotoxicity at 5
or 50 pg/mL
AgNPs/seeds in 10, 20, 51, Cytotoxicity and Scherer et al.
solution and 73 nm/ | genotoxicity NP size | (2019)
spherical related at 10 ppm
Vicia faba L. ZnO NPs 30 nm/— Cytotoxicity and Youssef and
genotoxicity Elamawi
(100-200 mg/L) (2018)
Brassica sp. Chitosan ~300 nm/— | Leaf necrosis; dry Grillo et al.
NPP + Paraquat matter reduction (2 kg/ | (2014)
(NP-CS:PQ)/foliar ha)
spray
Brassica rapa | CuO NPs/seed 25-55 nm/— | Seedling growth Chung et al.
SSp. imbibition decrease; lipid (2019)
peroxidation,
genotoxicity at 250
and 500 mg/L
Zea mays L. CeO, NPs/seed 10 nm/— Increase accumulation | Zhao et al.
inoculation of H,0, at 400 and (2012)
800 mg/kg
Amaranthus SiO, NPs/seeds 10-20 nm/ Germination, biomass, | Sharif-Rad
retroflexus L. | imbibition spherical photosynthetic et al. (2016)
Taraxacum pigments, and total
officinale protein decreasing at
F. H. Wigg 400-4000 mg L
Triticum TiO, NPs/seeds 40 nm/ Inhibition of Zahra et al.
aestivum L imbibition tetragonal germination and P (2019)
crystal (dependent on cultivar
and concentration) at
1000 mg kg
Linum Zero-valent iron NP - >500 mg L El-Temsah
usitatissimum | (nZVI)/seeds Toxic effects on and Joner
L., cv. Electra, | imbibition in different germination (2012)
Lolium perenne | substrates
L., cv. Tove
Hordeum
vulgare L.
Oryza sativa AgNPs/seeds 20-150 nm/ | 0.1-1000 mg/L, seed | Thuesombat
L.cv. KDML | imbibition spherical germination and et al. (2014)
105 seedling growth
inhibition
MWCNTs/cell 10-30 nm Accumulation of ROS | Tan et al.
suspension and cell viability (2009)

decrease at 20 mg/L

(continued)
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Table 2 (continued)

Nanoparticle type/
Vegetal species | exposition way Size/shape Main effects References
Glycine max AgNP/irrigation in 60 nm/ Damage in leaves; Galazzi and
(L.) Merr. plastic pots spherical lipid peroxidation and | Arruda
changes in catalase (2018)
activity
Cynodon NPP (purified ~40 nm Weed (Cynodon Xiang et al.
dactylon (L.) diatomite (Fe;O,NP) dactylon) mortality (2017)
Pers (PDE) + Fe;0, under pH 5
NP + glyphosate)/

spray on leaves
Bidens pilosa | Chitosan NPP (NP-CS/ | -/Aggregated | Plant growth reduction | Maruyama
L. TPP) (concentrations of et al. (2016)
75 g/L of imazapic and
25 g/L of imazapyr)

Atrazine-ATZ —/— Pre-emergent Preisler et al.
containing PCL herbicidal activity, (2020)
nanocapsules growth reduction at
200 g ha™!
Amaranthus NPP ATZ (PCL)/seeds | Mean Post-emergent Sousa et al.
viridis L. imbibition diameter herbicidal activity, (2018)
260 nm/— decrease PSII activity
at 2000 g ha™!
Raphanus NPP ATZ + AMZ/ 111- Pre- and post-emergent | Oliveira et al.
raphanistrum | substrate or plant 178 nm/— herbicidal activity (2015)
L. spraying spherical growth reduction at

1:10 v/v (0.3 kg/ha)

and improved seedling growth of faba bean (Vicia faba L.), while higher concentra-
tions of NPs (100 and 200 ppm) resulted in phytotoxicity effect. Also, Scherer et al.
(2019), in its study with onion seeds (Allium cepa L.), showed that AgNPs with
different sizes (10, 20, 51 and 73 nm) had distinct cytotoxicity and genotoxicity
responses.

2.1 Nanoparticles and Seed Germination

Seed germination involves a sequence of events configuring in a critical stage of
plant growth in which the benefits by application of nanopesticides or nanoparticles
to protection against pathogens are hardly dose-dependent (Fig. 6). In seeds, the
uptake of nanopesticides into tegument (seed coat) may increase germination in the
seed priming stage due to its protectant activity. Some papers report an increase in
seed germination when seeds are exposed to nanomaterials, with or without nega-
tive outcomes in seed embryo development, seedling growth, or plant survival. For
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Fig. 6 Nanomaterials on seed germination and seedling growth. Nanoparticles or nanopesticides
at low doses (varying according to the NP characteristics and plant species) can induce or inhibit
seedling growth

instance, Raja et al. (2019) have reported an improvement in the germination of
Vigna mungo seeds exposed to biogenic zinc and copper nanoparticles.

In this way, chitosan nanoparticles have presented a promising effect on seed
germination and seedling growth of wheat at a lower concentration (5 pg/mL com-
pared with 50 pg/mL) and they can stimulate the growth of wheat seedlings by up-
regulating indole-3-acetic acid (IAA) synthetic genes and down-regulating
metabolic genes (Li et al. 2019a, b). On the contrary, silver nanoparticles have been
reported to have had negative effects on seed germination and seedling growth of
rice (Oryza sativa L.). Additionally, increased penetration was reported for the
smaller silver nanoparticles (20 nm) into roots (Thuesombat et al. 2014).

Uptake and translocation of nanopesticides are dependent on the physicochemi-
cal, biochemical, and physiological properties of nanomaterials as well as the pres-
ence of an ion transporter in plant body or tissue (Goodman et al. 2004; Foroozandeh
and Aziz 2018).

For instance, titanium oxide nanoparticles (TiO, NPs) <14 nm induced root elon-
gation in rapeseed (Brassica napus L.) and wheat (Triticum aestivum L.), which the
high reactivity of the nanoparticle surface was responsible for increasing the
hydromineral flux in the roots (Larue et al. 2012). The TiO, NP size was also deter-
minant to the nanoparticle absorption and potential interference on rice (Oryza
sativa L.) fluxes (Cai et al. 2017). Adverse physicochemical effects on the hydraulic
conductivity of roots can vary according to the nanoparticle’s characteristics, the
vegetal species, and the plant development stage (Margenot et al. 2018).

Furthermore, additional investigations have shown that there are dependencies of
dose—response, particle charge, coating agent, and nanoparticle size in the modula-
tion of biochemical, metabolic, and physiologic pathways, gene expression, and
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developmental responses of plants, such as seed germination, root and shoot growth,
plant height, and biomass partitioning (Bao et al. 2016; Xiong et al. 2017; Li et al.
2019a; Nath et al. 2019).

Enhancement in the germination of seeds treated with nanoparticles, especially
metallic nanoparticles, usually occurs at low concentrations (the value may vary
according to the NP, size, charge plant species, variety, among others). Therefore, it
is difficult to generalize these findings since studies of mechanisms of action, par-
ticularly when the aim is the utilization of the nanoparticle as a nanopesticide, have
still not been elucidated. For example, the seeds germination stimuli and vigor
observed on spinach (Spinacia oleracea L.) as described by Zheng et al. (2005) are
related to the antioxidant activity of TiO, NPs at low concentrations (0.25—4%) as
well as the reduction of free radicals during the seed storage induced by TiO, NPs.
So it happens due to the nanoparticles’ effects on the mechanisms of anions super-
oxide and hydroxide generation.

2.2 Nanopesticides and Reactive Oxygen Species (ROS)
Generation

The mechanisms of oxidative stress and plant growth inhibition related to nanopar-
ticles or nanopesticides involve different pathways, depend on the nanomaterial
properties or the pesticide mode of action (Stark 2011; Hossain et al. 2015). The
reactive oxygen species (ROS) includes several natural products of cellular oxida-
tive metabolism, such as the free radical superoxide (O, %), hydroxyl radicals and
ions (xOH and OH"), and nonradicals, such as hydrogen peroxide (H,0O,). However,
the cellular levels of ROS must be low to maintaining cell homeostasis. Otherwise,
ROS can be very toxic for plants at high concentrations and excess ROS may induce
DNA damage, lipid peroxidation, enzyme inhibition, and cell death (Blokhina and
Fagerstedt 2010; Heyno et al. 2011; Sharma et al. 2012).

Although the high levels of ROS are related to several negative effects on cell
metabolism of plants, these molecules may also participate in complex regulatory
mechanisms of integration plant-environment (Czarnocka and Karpinski 2018). The
positive role of ROS in plant regulation depends on the balance between ROS gen-
eration and the neutralization of their excess by cellular antioxidant agents (Dayem
et al. 2017). For instance, metallic nanoparticles are particularly able to induce the
intracellular ROS generation, the oxidants and free radicals located on the nanopar-
ticle surface can produce ROS by Fenton reactions (Dayem et al. 2017; Hou et al.
2019). Hence, the subcellular nanoparticles targets can be organelles such as mito-
chondria causing structural damages and inducing stress responses related to the
endoplasmic reticulum (Wang et al. 2019) or peroxidation of membranes (Chung
et al. 2019). Figure 7 shows the schematic representation of plant metabolic self-
defense in response to nanopesticides.

When metallic nanoparticles are utilized as nanopesticide this nanomaterial can
suppress crop pests and pathogens by directly acting on target-site through a large
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Fig. 7 Schematic representation of plant metabolic self-defense in response to nanopesticides.
Superoxide radical (O,), hydroxyl radical (OH, OH"), hydrogen peroxide (H,0,), CAT: catalase;
APX: ascorbate peroxidase; SOD: superoxide dismutase; MDAR: monodehydroascorbate reduc-
tase; DHAR: dehydroascorbate reductase

variety of mechanisms. In plant—pathogen systems, copper nanopesticides
(Cu(OH),) on Cucumis sativus L., for instance, were correlated with the expression
of genes encoding catalase, peroxidase, amonialyase, superoxide dismutase, poly-
phenol oxidase, and others (Sathiyabama and Manikandan 2018; Adisa et al. 2019;
Zhao et al. 2018b). Also, the potential increase in the cold stress tolerance described
as a reduction of the membrane damage was observed on foliar tissues of chickpea
(Cicer arietinum L.) treated with low concentrations (5 ppm) of TiO, NPs
(Mohammadi et al. 2013).

Zhao et al. (2016a) demonstrated the impacts of foliar exposure to the Cu(OH),
nanopesticides in the metabolism of lettuce plants. Notably, plants exposed to
nanopesticides triggered the generation of ROS and induced metabolites serving as
ROS scavenger significantly reduced. A decrease in dehydroascorbic acid and cis-
caffeic acid (two important antioxidants) was also observed, suggesting that the
antioxidant defense system was impaired. However, an increased detoxification
behavior was observed in this study, reported by increases in nicotianamine, amino
acids, and polyamines. Nicotianamine is a copper sequestering agent (chelator), its
enhanced values may represent a plant detoxification mechanism.

In the same way, polyamines may mitigate oxidative stress and enhance toler-
ance. Zhao and co-workers (2016b) revealed that cucumber plant roots exudate
metabolomics and that nanocopper treated plants up-regulated some amino acids
which bind ionic and nanoparticulate copper, likely to plant detoxification.

Despite the agricultural potential, copper nanoparticles are related to deleterious
effects in plants, such as structural changes in roots and shoot tissues by increased
lignification, deformation of stomata and chloroplasts, reduction in number of thy-
lakoids per grana, and decrease in chlorophyll and carotenoids content (Perreault
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et al. 2010; Shi et al. 2013; Nair and Chung 2015; Da Costa and Sharma 2016;
Xiong et al. 2017).

Furthering the work, Zhao et al. (2018b) also reported that nanopesticides
induced metabolic reprogramming in cucumber (Cucumis sativus) and maize (Zea
mays L.) plants. In maize plants, up-regulation of intermediate metabolites of the
glycolysis pathway and tricarboxylic acid cycle (TCA) suggests the activation of
energy metabolism by Cu(OH), nanopesticides, and in addition, the antioxidant
defense-related pathway was enhanced as revealed by the increase in levels of
aromatic compounds (4-hydroxycinnamic acid and 1,2,4-benzenetriol) and their
precursors (phenylalanine, tyrosine) probably indicating the activation of shiki-
mate—phenylpropanoid biosynthesis. On the other hand, in cucumber plants, argi-
nine and proline metabolic pathways were the most altered pathway.

By the way, a large number of nanomaterials showed plant-defense properties.
However, deleterious effects have been reported. For example, silver (Ag) nanopar-
ticles have been largely considered the most favorable nanopesticide, attributed to
their high bactericidal and viricidal efficacy and low toxicity. Despite adverse
effects being reported in several plant species, cytotoxic and genotoxic effects in
Allium cepa roots increased with decreasing silver nanoparticles diameter as
reported by Scherer et al. (2019).

The existing literature physiologic effects of the silver nanoparticles on plants
report changes in germination, plant growth, development, and operation of photo-
system II (Rizwan et al. 2017). Furthermore, silver nanoparticles can bind with
chlorophyll molecules and form a novel hybrid system, which produces around
10-times higher excited electrons due to plasmon resonance effect and fast elec-
tron—hole separation, which subsequently promotes photosynthesis process
(Govorov and Carmeli 2007; Queiroz et al. 2016). Additionally, Falco et al. (2019)
have recently demonstrated that AgNPs also can alter the CO, assimilation rate,
stomatal conductance, and photochemical efficiency of photosystem II of Vicia faba
when internalized into leaves.

The pesticide effects of silver nanoparticles were also described to tomato
(Lycopersicon esculentum Mill.), and the antibacterial activity of AgNPs on gra-
phene oxide (GO) solution (Ag@dsDNA@GO) showed antibacterial effects
towards Xanthomonas perforans (Ocsoy et al. 2013). Growth responses of roots and
biomass accumulation are described as nanoparticle interference on the cellular
structure of underground organs or functional aspects of the photosynthetic com-
plex. For instance, an increase in the growth of roots was observed in rocket salad
(Eruca sativa Mill.) when treated with silver nanoparticle (AgNPs), and it was
observed that the growth response is mediated by the expression and accumulation
of proteins related to sulfur metabolism (Vannini et al. 2013).
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2.2.1 Ionic Release and Binding Affinity of Nanopesticides

Studies have shown that small nanomaterials may penetration into the plant tissue
and thus increase their toxicity. Also, the balance between size, concentration, and
biodegradability of the NPs are the key factors to the nanopesticide toxicity (Scherer
et al. 2019).

The physicochemical properties of nanopesticides influence how they interact
with plant cells and, consequently, their overall potential toxicity. The most common
cause of the toxic effects of metal oxides nanopesticides into cells is the dissolution
and release of toxic ions contained in their cores, upon oxidation by environmental
agents. Understanding these toxic properties can lead to the development of safer
nanopesticides. Some studies have shown that the degradation of metal-based nano-
materials causes the gradual release of metal ions (Soenen et al. 2015; Sukhanova
et al. 2018). The behavior of nanopesticides can be altered by modifying the surface.
The storage, temperature, pH, and functionalization play a key role in nanostructure
dissolution and release of toxic ions (Kittler et al. 2010; Soenen et al. 2013).

Several nanomaterials have potential applications as a plant protectant, for exam-
ple; Sabella et al. (2014) suggest that a wide class of NPs (such as metallic, metal
oxide, and semiconductor NPs) are able to release toxic ions in cell when they come
into contact with cytosol. Also, these authors suggest that ionic release is a major
responsible for intracellular toxicity profiles of these nanomaterials. In fact, we can-
not exclude the possibility of nanopesticide toxicity be reported in non-target spe-
cies induced by released ions, might also be responsible for other toxic mechanisms,
such as lysosomal damage (Xia et al. 2008; Stern et al. 2012). After cellular inter-
nalization, nanopesticides may interact with plant organelles (such as mitochondria,
peroxisomes, and chloroplast), DNA, proteins, and pigments (Kathiravan et al.
2009; Saptarshi et al. 2013; Queiroz et al. 2016; Ahsan et al. 2018).

The binding affinity of a nanopesticide with target and non-target binding sites
helps us to understand its bioavailability, distribution, toxicity, and elimination from
the plant cell. Proteins possess a broad range of structural and functional properties,
including cellular signaling, molecular recognition, catalysis, metabolite produc-
tion, and ligand binding. The binding of a protein to nanopesticide (such as CuO,
Zn0O, TiO,, SiO,, or FeO) can result in minor conformational changes or protein
denaturation (Saptarshi et al. 2013; Chibber and Ahmad 2016).

Also, change in conformation and mobility of the genomic DNA induced by
nanoparticles are reported (Bhar et al. 2018; Ma et al. 2018). A large range of stud-
ies reports cytogenetic abnormalities induced by potential nanopesticides such as
AgNPs, ZnONPs, and TiO,NPs (Kumari et al. 2009; Ghosh et al. 2010; Lopez-
Moreno et al. 2010). The Figure 8 illustrate the balance between size, concentration,
and biodegradability as a key factor to the nanopesticide toxicity.
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Fig. 8 Balance between
concentration, size, and
biodegradability affecting
the nanopesticide toxicity.
Cold colors (green)
represent low toxicity,
while hot colors (red) high

(high) Biodegradability (low)

2.2.2 Nanopesticide on the Photosynthetic Apparatus

Oxygenic photosynthesis is a key process to maintaining life on earth and is known
to be very sensitive to exogenous stimuli. Oxidation—reduction reactions of photo-
synthesis are a key phase of plant metabolism, the process can be grouped into two
phases: the first phase is the photochemical or Hill’s reaction, and the second bio-
chemical phase is named Calvin and Benson cycle (Taiz and Zeiger 2002).

Light-dependent photochemical reactions take place in the thylakoidal mem-
branes of chloroplasts. Hence, light (photons) energy supplies the driving force for
oxygen evolution (water photolysis), and thus nicotinamide adenine dinucleotide
phosphate (NADP+) is reducted to NADPH and there is adenosine triphosphate
(ATP) formation (Trebst 1994). The protein—pigment complexes involved in elec-
tron transport chain (ETC) into thylakoid membranes are two photosystems (PSI
and PSII), and a range of peripheral polypeptides attached to pigments and redox
systems from ETC, responsible for connection between PSII and cytochrome bgf
complex (Cyt bef) at the ETC (Trebst 1994; Dekker and Van-Grondelle 2000; Nelson
and Yocum 2006). On the Calvin and Benson cycle step, biochemical reactions
occur in the stroma side of chloroplasts by the fixation and reduction of CO, and
formation of carbohydrates (Sharkey and Weise 2016).

Nanopesticides can affect the photosynthetic apparatus in photochemical or bio-
chemical phases, depending on the dosage or physicochemical properties of nano-
materials and consequently can affect crop productivity. However, the effects of
metal oxide nanopesticides (for antimicrobial and insecticidal applications), nano-
capsules, and nanomaterials for controlled release of agrochemicals on the chloro-
phyll content and photosynthetic photochemistry are still not fully understood.

In the cell cytoplasm, nanopesticides may interact with chloroplasts, and conse-
quently, affect the plant photosynthetic reactions at that particular site by binding to
photosynthetic apparatus and impair their functioning. In a recent review, Tighe-
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Neira et al. (2018) suggest that the most metallic nanoparticles may be harmful to
the photosynthetic apparatus by inducing structural and functional damages. Metal
oxide nanoparticles with pesticide properties alter the photosynthetic efficiency,
PSII photochemical activity, and quantum yield in plants. Thus, knowledge on the
interaction of nanopesticides and photosynthetic light harnessing events can pro-
vide an understanding of nanomaterials-photoinduced oxidative stress, electron
transport inhibition, and antioxidant defense system in plants.

The impact of nanopesticides on the photochemical reactions of photosynthetic
machinery has been explored, particularly, for nanoparticles with some pesticidal
properties (Ag, Al, Au, CuO, SiO,, TiO,, and Zn nanomaterials). However, there
have been only a limited number of studies concerning the photosynthetic impact of
pesticides in modified release systems, produced using polymeric or lipidic nano-
capsules, carbon-based single and multiwalled carbon nanotubes, and other nano-
carriers active-loaded. Figure 9 shows the schematic representation of the electron
flux between the photosystems complex.

The interaction of silver and gold nanomaterials with photosynthetic apparatus
has been widely studied for two related competing effects—the enhanced light
absorption by chlorophyll molecule due to the surface plasmon resonance effects of
nanoparticle and the decrease in quantum efficiency of photosystems due to the

2H* NADP* NADPH

Fig. 9 Schematic representation of the electron flux involving two photosystems: PSII reaction
center (RC) containing a chlorophyll P680 molecule and PSI RC (containing a chlorophyll P700
molecule anchored, respectively, by the structural membrane proteins (D1, D2, B, and A). First,
photosynthetically active radiation is absorbed by Light Harvesting Complex (LHCI and LHCII)
and trigger the electron transport reactions to the PSII RC. Water photolysis are mediated by
Oxygen-Evolving Complex (OEC) with release of protons (H+) and O2., also known as donor side
of PSII. Pheophytin (Pheo) is the primary electron acceptor, and transfer electrons to the Quinones
(QA and QB). Followed by a sequence of energy transport through Plastoquinone (PQ),
Cytochrome (Cyt) complex, and Plastocyanin (PC) to PSI RC. At PSI from P700 to Ferredoxin
(Fdx) complex and consequently NADPH formation. Modified from Buchanan et al. (2000),
Kerbauy (2004)
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energy transfer from excited chlorophyll to nanoparticles (Barazzouk et al. 2005;
Nieder et al. 2010). Falco et al. (2019) demonstrated that silver nanoparticles
(AgNPs) could also induce overproduction of ROS, causing a decrease in the pho-
tosynthetic activity (Fv/Fm) of the Vicia faba leaves associated. In addition, they
also showed that AgNPs caused an increase of the nonphotochemical quenching
(NPQ), possibly due to the transfer of the excited electrons of the chlorophylls to the
metal surface of the AgNPs. Also, growth responses of plants (height, stem diame-
ter, number of branches, number of pods) of Indian mustard (Brassica juncea (L.)
Czern.) treated with gold nanoparticles (AuNPs) are attributed to an increase of
photosynthetic rates (Arora et al. 2012).

Silver nanoparticles are reported to increase the content of non-reducing center
of Qg in Chlamydomonas reinhardtii, decrease the amount of plastoquinone and
PSII efficiency in Spirodela polyrhiza, also reported to decrease the photosynthetic
activity in Arabidopsis thaliana, Glycine max, and Vicia faba plants (Matorin et al.
2013; Falco et al. 2015; Sosan et al. 2016; Shabnam et al. 2016; Queiroz et al. 2016).
On the other hand, TiO, nanoparticles, a potential delivery system for active com-
pounds, induced an increase in the chlorophyll content, light absorbance, photolysis
of water, and electron transport in spinach leaves (Hong et al. 2005; Mingyu et al.
2007; Yang et al. 2007).

The effects of TiO, NPs on the photochemical reactions are also described for
spinach (Spinacia oleracea L.) (Zheng et al. 2005) and chloroplast resistance to
aging by the reduction of free radicals’ production and the induction of the antioxi-
dant enzymes activities (Hong et al. 2005).

As an example of a nano-based carrier system for agrochemicals, we cite the
encapsulation of atrazine herbicide described firstly by Grillo et al. (2012). Atrazine
is a Qg-binding inhibitor herbicide, blocking the electron flow through the
PSII. Poly(epsilon-caprolactone) nanocapsules loaded with atrazine herbicide
effectively increases its pre- and post-emergence herbicidal activity, and the inhibi-
tion of PSII photochemistry was more intense in leaves treated with undiluted nano-
capsules carrying atrazine (Oliveira et al. 2015). Also, Sousa et al. (2018) used the
same poly(epsilon-caprolactone) nanocapsules loaded atrazine against Amaranthus
viridis (slender amaranth) and Bidens pilosa (hairy beggarticks) weeds. Thus, they
observed a greater decrease in the PSII activity for both species (above 50% inhibi-
tion relative to the control) than the commercial atrazine formulation at the same
concentration (around 40% inhibition).

In a bioassay with Chlamydomonas reinhardtii as organism model exposed to
nanoatrazine, Scognamiglio et al. (2019) report changes in the redox state of the
electron carriers within the PSII reaction center, such as the accumulation of Q, in
the reduced state due to Qp-binding and the further filling up of the membrane plas-
toquinone pool with electrons. Also, Preisler et al. (2020) suggest that nanoatrazine
could be applied for efficient weed control without additional phytotoxicity to sus-
ceptible crops compared with non-nanoatrazine, provided that a safe application
interval is respected.
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2.3 Nanoencapsulated Pesticides and Plant Responses

When pesticide molecules are temporally trapped by nanoparticles, the complexes
formed assume new properties with high interest for agricultural uses. The viability
of pesticide transport as nanoforms (Ashitha and Mathew 2019) opens a vast field
with several possibilities to develop new products. Other nanomaterials with a large
potential for nanopesticide are multiwalled carbon nanotubes (MWCNTSs). They
have been exposed to several plants such as zucchini, corn, tomato, and soybean
with no apparent toxic effects (De La Torre-Roche et al. 2013), suggesting their
possible application as delivery system for controlled release of pesticides.

Encapsulation of the fungicide zineb (zinc ethylene bis-dithiocarbamate) into
carbon nanotubes (CNT-g-PCA hybrid material with 20-40 nm) results in a water-
soluble nanopesticide (NPP) more effective than the bulk zineb to reduce the fungi
(Alternaria alternata) growth (Sarlak et al. 2014). Also, Fan et al. (2018) reported
the modulatory and protective effect of MWCNT on paraquat toxicity in Arabidopsis
plants on the root surface area, in which these results may be explained by the extent
of paraquat adsorption on the surface of MWCNT and to stimulation of photosyn-
thesis, and antioxidant protection.

Xiang et al. (2017) described interesting data about the properties of a control-
lable nanopesticide system with magnetic collectability, the authors incorporated
the herbicide glyphosate in a magnetic nanocarrier the micro-nano pores of diato-
mite/Fe;0,, promoting high weed (Cynodon dactylon (L.) Pers) mortality. Also,
Maruyama et al. (2016) evaluated a nanopesticide based on chitosan as carriers,
demonstrated that the encapsulated herbicides were more effective to reduce the
hairy beggarticks (Bidens Pilosa L) growth than the free imidazolinone form
because the pesticide was released more slowly, enabling the use of lower dosages.
Another advantage was that the results of cytotoxicity assays indicated low toxicity
and genotoxicity to the nanopesticide. In addition, the growth inhibition on B. Pilosa
plants can be achieved by the atrazine nanoencapsulation, the nanopesticide shows
pre- and post-emergent herbicidal activity leading to very high mortality rates of the
B. pilosa seedlings (Sousa et al. 2018; Preisler et al. 2020).

Observations on weed control have also been evaluated in target and non-target
plant systems. Grillo and co-authors (2014) reported reduced toxicity to non-target
organisms compared with the conventional herbicide using chitosan/tripolyphos-
phate (CS/TPP) nanocarriers loaded with paraquat herbicide while keeping the her-
bicidal activity against Brassica sp. Also, nanoencapsulation of atrazine herbicide
with poly(lactic-co-glycolic-acid), solid lipid nanoparticles, or poly(epsilon-
caprolactone) nanocapsules showed promising results by effectively pre- and post-
emergence plant control (Oliveira et al. 2015; Schnoor et al. 2018; Sousa et al.
2018), suggesting that nanoencapsulation could potentially long-term reduce the
residual effect of herbicides in agricultural lands, due to the enhanced efficiency of
lower dosage applied.

It has been reported that these herbicides inhibit the photosynthetic electron
transport flow, paraquat blocking the electron transport on photosystem I (PSI) level
(Donaldson 2013), and atrazine blocking the electron transfer on the acceptor side
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of photosystem II (PSII) (Hess 2000). However, the mechanisms of action of a large
variety of nanoherbicides remain poorly understood. In another investigation, Grillo
et al. (2015) studied the influence of aquatic humic substances on paraquat-loaded
CS/TPP nanoparticles. Allium cepa genotoxicity studies and ecotoxicity assays with
Pseudokirchneriella subcapitata revealed that aquatic humic substances decreased
the toxicity of paraquat. In this way, polymeric nanoparticles containing ametryn,
atrazine, or simazine were slightly less genotoxic human lymphocyte and Allium
cepa cell cultures than its free form (Grillo et al. 2012; Lima et al. 2012; Clemente
et al. 2014).

Despite the rapid progress in the study of plant response of nanopesticides in the
past years, we look forward to furthering developments of the plant—nanopesticides
interaction studies based on physiological, proteomic, genomic, and metabolomic
studies. It will be helpful to better understand the mechanisms involved in the inter-
actions of the current and new nanopesticides with plants. Hence, it is not possible
to generalize because most interactions of plants with nanomaterials tend to be
species-specific, and the effect of nanopesticide on crop plant (target and non-target
species) is correlated and dependent on the plant species, growth stages, type of tis-
sue of application, environmental conditions, time exposure, dose and method of
application, among others factors (Fraceto et al. 2016; Rizwan et al. 2017; Pérez-de-
Luque (2017); Grillo et al. 2018).

The continuum uses of chemical pesticides and the evolutionary race result in
pest populations more tolerant creating a vicious circle were the pesticide doses
need to be incremented resulting in environmental and health risks. However, alter-
native strategies are required to promote sustainable crop protection, as the combi-
nation of different practices together (Integrated Pest Management—IPM),
overcoming the shortcomings of individual practices (Chandler et al. 2011). Also,
nanotechnology in agriculture (especially for nanopesticides) has emerged as a new
tool to improve crop productivity (Fig. 10).

Fig. 10 Interrelations between agricultural productivity components involving three main ele-
ments (pesticides, nanoparticles, and biopesticides) and their derivations (pest management—
PM, nanopesticides—NPPs, and bionanopesticides—BNPs) resulting in the integrated pest
management—IPM
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Also, we would like to stress that to improve the understanding of the interaction
of nanopesticide with plants, we need a more holistic view of studying the integra-
tion of different levels of biological organization in response to nanopesticides
application. Surprisingly, little information is available yet on the regulation of
homeostatic responses of plants (target and non-target species) to nanopesticides
using a systemic approach.

2.4 A Brief Review of Computational Tools for Nanopesticide
Risk Assessment in Plants

For understanding the dynamics of interactions between plants and nanopesticides,
“in vivo” and “in vitro” methods are necessary, but for the sake of nanotoxicity
assessment for non-target organisms, those methods are time-consuming and expen-
sive, and the approval of bioethical committee may be required.

Computational “in silico” tools (chemometrics, bioinformatics, machine learn-
ing, statistics, among others) are used to predict nanoparticles properties and their
interaction with protein complexes and other biomolecular structures. In vivo and in
vitro methods for testing phytonanotoxicity are quite expensive and time-consum-
ing. For instance, a risk assessment study for a single chemical structure may cost
into the millions of dollars and take 3—4 years to accomplish. The importance of
computational tools for evaluating environmental and human health safety of engi-
neered nanomaterials is manifested by the fast-growing amount of research publica-
tions on computational nanotoxicology (Hastings et al. 2015a). Nevertheless, “in
silico” methods are expected to help to reduce the number of sacrificed laboratory
animals (Pacheco and Buzea 2018; Zuverza-Mena et al. 2017).

The terms “risk” and “hazard” may be defined in many ways. For the purpose of
this chapter, we follow the definitions adopted by the United States Environmental
Protection Agency (EPA), which defines “hazard” as the adverse effect or inherent
toxicity of a compound (USEPA (United States Environmental Protection Agency)
2004). Exposure to a hazardous substance may lead to an adverse health effect,
varying from minor physiological disorders to the death of the exposed individual.
Risk is defined as “A measure of the probability that damage to life, health, property
and/or environment will occur as a result of a given hazard” (USEPA (United States
Environmental Protection Agency) 2004). Risk is calculated as a function of the
probability of a harmful event and the magnitude of the consequences of that event.
When the relation between a cause and an effect is established, we speak of known
or identified risks. When the relation between the cause and the damage is not well
established, we speak of hypothetical or potential risk. Risk assessment is a multi-
disciplinary research field that attempts to reveal the general principles and rules of
nanomaterials toxicity (Hristozov et al. 2016).
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A typical risk assessment procedure (see Fig. 11) is performed in three basic
steps (Holden et al. 2016):

1. Exposure assessment that refers to the identification and characterization of the
populations exposed and determines the magnitude, frequency, and duration of
the exposures;

2. Hazard assessment, which involves two main phases:

(a) Hazard characterization: nanodose—response determination for critical tar-
get organs, tissues, cells, subcellular structures as well as possibly involved
mechanisms of toxicity;

(b) Hazard identification: identification of nanochemical properties that may
cause adverse effects;

3. Final risk assessment based on exposure and hazard assessments.

Computational models play a complementary role in allowing rapid prediction
of potential toxicities of new and modified nanomaterials (Qu et al. 2013; Yanamala
etal. 2013; Kleandrova et al. 2014; Concu et al. 2017; Kovalishyn et al. 2018; Sinha
et al. 2019).

Several computational approaches are being implemented for molecular descrip-
tion of interactions of nanoparticles with proteins and other biomolecules (Villaverde
et al. 2017; Banu et al. 2018; Selvaraj et al. 2018; Deringer et al. 2019), genetic



94 E. F. Santiago et al.

programming-based decision trees (Oksel et al. 2016), predictive quantitative
nanostructure-properties (QNSAR) (Fourches et al. 2010, 2011; Melagraki and
Afantitis 2015; Wang et al. 2017; Luan et al. 2018). Artificial Neural Networks
(ANN) for classification of QSAR and QNSAR results have been also reported
(Wiese and Schaper 1993; Mazzatorta et al. 2005; Rizkalla and Hildgen 2005;
Stenemo et al. 2007; Goudarzi et al. 2009). ANN have been successfully applied for
modeling collective charge transport in nanoparticles assemblies (Suvakov and
Tadic 2010). ANN-based supervised machine learning was used for investigating
the atomic distribution in mono- and bimetallic nanoparticles (Timoshenko et al.
2019). ANN have been applied for studying physiological changes related to cerium
oxide nanoparticles and cadmium uptake by Brassica napus plants (Rossi et al.
2019). Lazarovits et al. (2019) investigated the use of supervised machine learning
using ANN for processing mass spectrometry data in order to predict the in vivo fate
of nanoparticles.

Machine learning prediction of nanoparticle in vitro toxicity has been reported in
a comparative study of classifiers and ensemble-classifiers using the Copeland
Index (Furxhi et al. 2019). A modeling approach using supervised ANN enabled to
successfully predict TiO, nanoparticles mobility in intact soil media (Fazeli-Sangani
et al. 2019) and for modeling nanoparticles biouptake and distribution in a host
organism (Winkler et al. 2014). A recent study demonstrated the capability of a
Back-propagating ANN for predicting the toxicity of 17, 36, and 72 data sets of
metal oxide nanoparticles (Fjodorova et al. 2017).

Current chemometrics or computational methods for molecular modeling are
able to predict electronic configuration and conformational properties, specific reac-
tivity, and mechanisms of actions for molecular systems, ranging from small mole-
cules to nanomolecules and up to large biomolecules (Khan et al. 2019; Mikolajczyk
et al. 2019; Villaverde et al. 2017; Yan et al. 2019). Quantum chemical calculations
and molecular dynamics (MD) simulations are already well introduced as a routine
tool for evaluation of potential human and environmental risks associated with
nanomaterials (Slater et al. 2017; Kovalishyn et al. 2018). Results from such theo-
retical calculations provide researchers and experimentalists with huge data that are
further classified and analyzed with machine learning paradigms like statistical
tools and ANN (Gajewicz et al. 2018).

The knowledge gained from computational studies involving interactions of
nanoparticles with biological systems helps to build algorithms for assessing the
likelihood of toxicity in a variety of natural environmental scenarios (Richarz et al.
2015; Villaverde et al. 2018). Computer simulations are used to evaluate the struc-
ture of surfaces and for identifying new properties even with the smallest variation
of atoms positions at edges, corners, surface steps, and defects (Zeng et al. 2018;
Lamon et al. 2019). The mechanisms of the interatomic interactions between
nanoparticles and biological molecules are not well understood. Comprehension of
the mechanisms of such interactions will aid the safe production and utilization of
the nanomaterials. Computational studies are helpful to understand the precise
nature of interparticle interactions (Puzyn et al. 2018), the structure of the interface,
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and the packing of arrays and superstructures that are difficult to probe experimen-
tally (Banares et al. 2017; Hastings et al. 2015b; Chen and Riviere 2017; Wang et al.
2017). However, similar to experimentalists who face several issues, computational
nanoscientists have also various challenges; for example, poor nanotoxicity data
(Tong et al. 2017; Gajewicz 2017), simulations involving many nanoparticles are
computationally too intensive and not feasible using advanced ab initio or Density
Functional Theory (DFT) approaches; convergence problems often occur in dealing
with large molecules.

In silico models centered on quantitative nanostructure—activity/toxicity rela-
tionships (QnSAR/QnSTR) are valuable computational tools for supporting risk
assessment (Toropova and Toropov 2018; Burello and Worth 2011a, 2011b, 201 1c;
Peter et al. 2019), by rationalizing the search for safer nanomaterials (Sizochenko
et al. 2019; Lamon et al. 2019). In a recent study (Concu et al. 2017), a unified
QSTR-perturbation model based on artificial neural networks was developed for
simultaneously predicting general toxicity profiles of nanomaterials under diverse
experimental conditions.

The construction of QnSAR models (Fig. 12) requires (1) the integration of
expertise of nanomaterial scientists, chemists, (eco)-toxicologists, and modelers
from academia, regulatory agencies, and industry, (2) collaborative databases to
support the development of computational methods for toxicological risk assess-
ment of nanopesticides. Among such initiatives, we may enumerate several European
modeling and database Projects: (NanoPUZZLES, ModENPTox, PreNanoTox,
MembraneNanoPart, MODERN, eNanoMapper, and EU COST TD1204 MODENA)
as well as to create synergies within the European NanoSafety Cluster (Banares
et al. 2017). The EU-funded eNanoMapper project (Hastings et al. 2015a) proposes
a computational infrastructure for toxicological data management of engineered
nanomaterials based on open standards, ontologies, and an interoperable design to
enable a more effective, integrated approach to European research in nanotechnol-
ogy (Jeliazkova et al. 2015). The lazar framework for read-across predictions was
expanded for the prediction of nanoparticle toxicities, and a new methodology for
calculating nanoparticle descriptors from core and coating structures was imple-
mented. Nano-lazar provides a flexible and reproducible framework for download-
ing data and ontologies from the open eNanoMapper infrastructure, developing and
validating nanoparticle read-across models, open-source code, and a free graphical
interface for nanoparticle read-across predictions (Helma et al. 2017; Ambure
et al. 2019).

Scientific research for evaluating the hazards of nanopesticides on the environ-
mental burden and human health faces three main challenges: (1) integration and
evaluation of scientific evidence, toxicity data and computational models, (2) cate-
gorization and labeling of nanomaterial-based raw materials and marketed prod-
ucts, and (3) establishing hazard threshold levels for environmental and human
health. Computational toxicology must become a priority.
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Fig. 12 Schematic illustration for construction of a quantitative nanostructure-activity/toxicity
relationship model (QnSAR/QnSTR)

3 Conclusions

Our growing knowledge of new technologies involving nanoparticles and nanopes-
ticides has generated expectations as to the possible reduction in the use of pesti-
cides around the world. However, the extension of these benefits needs to be
observed with attention since similar speculations about the effects of transgenics
on the pesticides reduction were also not confirmed.

Despite emergent research groups developing studies with nanocapsules for agri-
cultural applications our knowledge of nanopesticides and their effects on plants in
particular on weeds is still lacking. Although most of the data with nanoparticles
involve cultivated plants, macrophytes and model species for crop studies show
promising results, some responses are species-specific and interpretations must be
done with prudence.
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Related to pesticides, one of the most significant challenges to modern agricul-
ture is the use of products with high efficiency, with low cost but commercially
viable that are less dangerous to human and environmental health. For this purpose,
some nanopesticides appear to be more harmful to the non-target organism, which
justifies further studies in this area. Hence, new ecotoxicity protocols should be
validated in order to understand the real risk assessment of the nanopesticides con-
cerning the commercial one to target and non-target organisms.

Finally, the use of nanopesticides in agriculture based on sustainable concepts
needs to assemble researches, producers, governor, and other social actors, includ-
ing conscious consumers able to influence the market laws.
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Rocio Lopez-Cabeza

Abstract The interest in the application of nanotechnology in the formulation of
plant protection products has increased in recent years. Currently, the methods used
for understanding the behavior and fate of nanopesticides in soils are the same as
those used for conventional formulations of pesticides. Nevertheless, the assess-
ment of environmental risk of nanopesticides requires some modifications of the
conventional methodologies to adapt them to specific properties of nanoformula-
tions. Thus, the nano-character itself is reasonably expected to bring some novel
features which modify the environmental fate and may influence the applicability of
the conventional methodological concepts. This chapter reviews the most widely
used methods to evaluate the different processes to which nanopesticides are sub-
jected in the soil (sorption, persistence, and leaching). The advantages and disad-
vantages of each method are discussed and its applicability for nanoformulations of
pesticides is assessed, focusing mainly on nanopesticides constituted by an active
ingredient associated with a nanocarrier.

Keywords Nanopesticides - Nanoformulation - Soil - Fate - Durability - Release
Sorption - Persistence - Leaching

1 Introduction

The definition of nanopesticide is usually used to any nanoformulation of pesticide
that includes an active ingredient or some engineered structure that improves the
pesticidal properties in the nanometer size range and/or a formulation that has novel
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properties associated with the small size of these components (Kah et al. 2013;
Kookana et al. 2014). The development of these nanoformulations has received a lot
of attention in recent years (Kah and Hofmann 2014). As in the case of a new active
ingredient (AI) or conventional formulation, the registration and commercial pro-
duction of nanopesticides would require the assessment of their efficacy,
physicochemical properties, behavior, environmental fate, transformation, and tox-
icity by following standardized testing guideline by the Organization for Economic
Co-operation and Development (OECD) or other standard protocols. Nevertheless,
these guidelines are designed for conventional formulations of pesticides, thus it
may not be appropriate for nanopesticides (Li et al. 2019a). Therefore, due to the
structure and particular properties of nanoformulations, the applicability of the con-
ventional methodological concepts is questioned and the procedures demand cer-
tain modifications and checks in order to be applied to nanopesticides. Firstly, the
nano-character itself is reasonably expected to bring some novel features which
modify the environmental fate including the behavior during the measurement pro-
tocol. In addition, most often, a nanopesticide is composed of a nanocarrier and a
pesticide active ingredient. The properties of both, and their mutual interaction and
association significantly influence the fate and behavior in soils. For example, in
conventional methodologies, all studied processes are well derived from the mea-
surements of the mass of active ingredient per volume of liquid or per mass of solid
(AI concentrations). However, in the case of pesticide nanoformulations, other
parameters have to be considered and become pivotal, such as particle number con-
centration, particle size distribution, and relation between the free Al and the Al
associated with the nanocarrier (encapsulation efficiency), among others (Kookana
et al. 2014). Thereby, the applicability of conventional protocols to nanopesticides
must be confirmed before implementation (Kah et al. 2014). This applicability
depends on the similarities between the nanoformulation and conventional formula-
tion in relation to their behavior in soils. For this reason, before establishing the best
methodologies to understand and predict the fate of nanopesticides in soils, it is
necessary to know the role of the nanoparticles in the nanoformulation of pesticides
and the expected behavior derived from this role. Three situations can be considered
depending on the function performed by the nanoparticles:

(a) The nanoformulation function is limited to increase the apparent solubility/dis-
persion of the active ingredient or protect it from the degradation. This group
includes the nano-emulsions and nano-dispersions. In this case, it is recom-
mended that the product be treated as a conventional pesticide in the risk assess-
ment process (Kah et al. 2013; Kookana et al. 2014). Therefore, the standard
methodologies used for chemicals should be sufficient to evaluate the fate of
these nanopesticides.

(b) The nanoformulation is composed of an active ingredient bound to a nanocar-
rier that maintains the structure of complex after spraying (and/or dilution) and
the Al is released in a slow/targeted manner. In this case, the fate of the pesti-
cide associated with the nanoformulation depends on the durability of the
nanopesticide, i.e., the time during which the nanocarrier and the active ingredi-
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ent are associated together. This group includes a wide variety of nanoformula-
tions such as some polymer-based nanomaterials (nanocapsules, nanospheres,
micelles, and nanogels), lipid-based nanomaterials (liposomes, solid lipid
nanoparticles, and nanostructured lipid carriers), and clay-based nanomaterials
(clays, layered double hydroxides) (Nuruzzaman et al. 2016).

(c) The nanoparticle has pesticidal properties. Silica based plant growth regulators,
nanometals such as silver, copper or aluminum bactericides or fungicides, and
oxides as TiO, are the major examples of this group (Kah and Hofmann 2014;
Athanassiou et al. 2018).

While everything mentioned above is relevant for the measurement of the
nanopesticide fate in the environment in general, there are also some specific prob-
lems related to their study in soils. The detection and characterization of nanopar-
ticles in complex matrices such as soil is extremely challenging, for example, due to
the presence of natural colloids that are almost indistinguishable from the nanopar-
ticles under study (Hassellov et al. 2008). Therefore, the endpoints of the methods
that are available for the study of nanopesticide fate in soils still depend mostly on
Al concentration (in soil, in solution, in biota, etc.). Probably, the only way forward
to evaluate the specific processes with nano-character is not their direct measure-
ments but the involvement of some additional steps that help to identify what really
happens in the system. For example, by knowing the release kinetics outside the
soil, one may estimate the durability of nanoformulations in soil solution or water
from soil pores, and leachate might be subjected to the approaches separating bound
and free pesticides. Also, the behavior of nanoformulations can be addressed indi-
rectly from analysis of the coupled and measurable processes.

In this chapter, the most common methodologies for studying the behavior and
fate of nanoformulated pesticides in soils found in the literature are described (Fig. 1
and Table 1), mainly focusing on slow/targeted release nanoformulations. In addi-
tion, the methodologies for assessing the fate of nanometals and nanometal oxides
have also been briefly discussed since these engineered nanoparticles have very
promising pesticidal properties.

2 Durability of Nanocarrier-Al Association

As mentioned in the previous section, in the case of controlled release nanopesti-
cides, in order to set up the methodologies for evaluating the fate of the Al in soils
is necessary to know the durability of the nanocarrier-Al complex after its applica-
tion in the environment. Kah and Hofmann (2014) introduced the concept of dura-
bility based on the desorption kinetics of pollutants from soil colloids, which could
be considered equivalent to the release of the Al from the nanocarrier. These authors
defined three possible situations (Kah and Hofmann 2014):

* Rapid release of the Al from the nanocarrier material (short durability). If the
complete release of the Al from the nanocarrier is much faster than the environ-
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Fig.1 Summary of the methodologies described in this chapter

mental process of interest (degradation, leaching, runoff, etc.) the exposure of
the Al is similar to that of conventional pesticides formulations. Therefore, the
effect of the nanoformulation on the behavior of the Al is negligible and the
environmental fate of nanopesticides is the same as the pure Al

o Intermediate release of the Al from the nanocarrier material. Release kinetics of
nanopesticide is required to assess the Al transfer from the nanocarrier to envi-
ronment. In this case, the environmental processes studied will depend on the
release rate, the properties of the released Al, and the properties of the Al in the
nanocarrier-Al form (Kah and Hofmann 2014). Therefore, it is expected that the
nanoformulation can influence the fate of Al in the soil and a more complex
exposure assessment will be necessary (Kah et al. 2018).

e Slow or no release of the Al from the nanocarrier material (long durability). The
fate of the nanopesticides will depend on the properties of the released Al and
colloidal properties of the nanocarrier independently.

It is worth to mention that the durability of the nanocarrier-Al association can be
strongly influenced by various factors such as Al concentration and/or properties of
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Table 1 Summary of the methodology applied to various nanoformulations of pesticides,
nanometals and nanometal oxides reported in the literature

Nanopesticide

Methods described in the reference

Reference

Chitosan- and iron(Ill)-modified
smectites loaded with imazamox

— Release in water: sample-and-
separate method

— Mathematic model of release:
Korsmeyer—Peppas

— Mobility: column experiment for
transport of Al

Cabrera et al.
(2016)

Poly(epsilon-caprolactone) loaded
with carbendazim and tebuconazole.
Solid lipid nanoparticles loaded with
carbendazim and tebuconazole

— Release in water: sample-and-
separate method

— Mathematic model of release:
Zero order, First order and Higuchi

Campos et al.
(2015)

Mesoporous silica loaded with
2,4-dichlorophenoxy acetic acid

— Release in water: dialysis bag
method

— Mobility: column experiment for
transport of Al

Cao et al. (2018)

Chitosan/tripolyphosphate loaded with | — Release in water: parchment Chauhan et al.
hexaconazole paper strip method (2017)

— Release in soil: parchment paper

strip method

— Mathematic model of release:

Korsmeyer—Peppas
Rice husk biochar loaded with — Release in water: sample-and- Evy Alice
2,4-dichlorophenoxyacetic acid separate method Abigail (2019)

— Release in soil: parchment paper
strip method

— Mathematic model of release:
Korsmeyer—Peppas

— Mobility: column experiment for
transport of Al

Lignin-polyethylene glycol coated
with ethylcellulose loaded with
imidacloprid

— Release in water: sample-and-
separate method

— Mathematic model of release:
Korsmeyer—Peppas

Flores-Céspedes
etal. (2012)

Chitosan/tripolyphosphate loaded with
paraquat

— Release in water: two-
compartment method

— Mathematic model of release:
Korsmeyer—Peppas

— Sorption: batch method

— Mathematic model of sorption
kinetics: pseudo-first order and
pseudo-second order

Grillo et al.
(2014)

Poly(epsilon-caprolactone) loaded
with atrazine

— Sorption: batch and
centrifugation methods

— Persistence: soil incubation
experiment

Kah et al. (2014)

(continued)
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Nanopesticide

Methods described in the reference

Reference

Three polymer-based
nanoformulations of bifenthrin

— Release: indirect method

— Sorption: batch method

— Persistence: soil incubation
experiment

Kah et al. (2016)

Three polymer-based
nanoformulations of clothianidin

— Sorption: batch and
centrifugation methods

Kah et al. (2018)

Poly(vinylpyrrolidone)-coated silver

— Release in water: dialysis bag

Kittler et al.

nanoparticles method (2010)
— Mathematic model of release:
modified first order
Alginate/chitosan loaded with — Release in water: parchment Kumar et al.
acetamiprid paper strip method (2015)
— Release in soil: parchment paper
strip method
— Mathematic model of release:
Korsmeyer—Peppas
Citrate-stabilized silver nanoparticles |— Release in water: sample-and- Liu and Hurt
separate method (2010)

Carboxymethyl-f-cyclodextrin-Fe;O,
magnetic nanoparticle loaded with
diuron

— Release in water: sample-and-
separate method

Liu et al. (2014)

Silver nanoparticles — Mobility: column experiment for | Mahdi et al.
transport of nanoparticles (2018)
Poly(citric acid)/poly(ethylene — Release in water: dialysis bag Memarizadeh

glycol)/poly(citric acid) loaded with
imidacloprid

method

etal. (2014)

TiO, and ZnO nanoparticles — Release in water: sample-and- Miller et al.
separate method (2010)
CuO nanoparticles — Release in water: dialysis bag Misra et al.
method (2012)
— Mathematic model of release:
modified first order
Chitosan coated beeswax solid lipid |-~ Release in water: sample-and- Nguyen et al.
nanoparticles loaded with separate method (2012)
deltamethrin
ZnO nanoparticles — Release in water: sample-and- Peng et al.
separate method (2011)

— Mathematic model of release:
First order

Poly(epsilon-caprolactone) loaded
with atrazine

— Release in water: two-
compartment method

— Mathematic model of release:
Korsmeyer—Peppas

— Mobility: column experiment for
transport of Al

Pereira et al.
(2014)

(continued)
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Nanopesticide Methods described in the reference | Reference
Poly(methacrylic acid-ran- — Mobility: column experiment for | Petosa et al.
butylmethacrylate) loaded with transport of nanoparticles (2017)
bifenthrin
Nano-size calcium carbonate loaded |- Release in water: sample-and- Qian et al.
with validamycin separate method (2011)
Porous hollow silica nanospheres — Release in water: sample-and- Qian et al.
loaded with tebuconaloze separate method (2013)
— Mathematic model of release:
Korsmeyer—Peppas
Pectin/chitosan/tripolyphosphate — Release in water: two- Rashidipour

loaded with paraquat

compartment method

— Mathematic model of release:
Korsmeyer—Peppas

— Sorption: batch method

— Mathematic model of sorption
kinetics: pseudo-first order and
pseudo-second order

— Mobility: column experiment for
transport of Al

etal. (2019)

Silver nanoparticles — Mobility: column experiment for | Sagee et al.
transport of Al (2012)
Chitosan/pectin loaded with — Release in water: dialysis bag Sandhya et al.
carbendazim method (2017)
Poly(ethylene glycol)/aliphatic and — Release in soil: parchment paper | Sarkar et al.
aromatic diacids loaded with strip method (2012)

thiamethoxam

— Mathematic model of release:
Baker—Lonsdale, Hixson—Crowell,
Higuchi, First order and
Korsmeyer—Peppas

Alginate/chitosan loaded with
paraquat

— Release in water: two-
compartment method

— Mathematic model of release:
Korsmeyer—Peppas

— Sorption: batch method

— Mathematic model of sorption
kinetics: pseudo-first order,
pseudo-second order and
intraparticle diffusion

dos Santos Silva
etal. (2011)

ZnO nanoparticles

— Mobility: column experiment for
transport of Al

Sun et al. (2015)

mPEG-PLGA loaded with
metolachlor

— Release in water: dialysis bag
method

— Mathematic model of release:
Korsmeyer—Peppas

Tong et al.
(2017)

Silver nanoparticles

— Sorption: batch method

Torrent et al.
(2019)

(continued)
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Table 1 (continued)

Nanopesticide Methods described in the reference | Reference
Ag and CeO, nanoparticles — Sorption: batch method Van Koetsem
etal. (2018)

Silver nanoparticles — Sorption: batch method Wang et al.

— Mathematic model of (2018)

equilibrium isotherm: Langmuir and

Freundlich
Poly(lactic acid) loaded with — Release in water: dialysis bag Yu et al. (2017)
abamectin method

— Mathematic model of release:

First order

the surrounding environment, including temperature, polarity, ionic strength, etc.
The dilution of nanopesticides below the solubility of their particular Als could be
expected to result in rapid release in the case of most nanoformulations, since the
principle of the nanocarrier-Al association often consists in a hydrophobic interac-
tion that is relatively weak.

Currently, no standard protocols to measure the durability of nanopesticides have
been proposed by regulatory agencies. The most common approach reported in the
literature consists in measuring the relative rate of the Al release in water under
infinite sink conditions.

2.1 Release Experiments in Water

The most commonly used methods for measuring the release rate of nanopesticides
in water can be grouped in two categories: continuous methods (membrane isolation
methods) and discontinuous methods (sampling-and-separate methods).

2.1.1 Continuous Methods: Dialysis Methods

In dialysis methods, the nanoparticles loaded with the Al are contained in a com-
partment (donor compartment) that is physically separated from compartment with
the release medium (acceptor compartment) by a semipermeable membrane.
Pesticides non-bound to the nanoparticles cross through the membrane to the accep-
tor compartment, while the pesticide associated with the nanoparticles is unable to
penetrate the membrane. In this method, it is assumed that the diffusion rate through
the membrane and within the acceptor compartment is very high compared to the
release kinetics and, therefore, does not limit the release process. The most popular
dialysis system for the determination of release kinetics of nanopesticides is based
on the addition of the nanoformulation into a bag made of cellulose semipermeable
membrane. Then, the bag is sealed thoroughly and immersed into a vessel contain-
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ing the release medium in sink conditions. The release medium is selected following
several criteria such as the Al solubility (Sandhya et al. 2017), or the stability of the
nanoformulation in different media (Tong et al. 2017), at different pH (Memarizadeh
etal. 2014; Sandhya et al. 2017; Cao et al. 2018), or at different ionic strength values
(Cao et al. 2018). Volume of release medium must be six to tenfold greater than that
is inside the dialysis bag, which provides the driving force for the transport of the Al
to the outside and also allows maintaining the sink conditions (D’Souza and DeLuca
2006). Pesticide diffusion from the dialysis bag to the vessel can be favored by agi-
tation, since unstirred water layer effect is minimized (D’Souza and DeLuca 2006).
Periodically, samples are taken from release medium and analyzed in order to deter-
mine the total amount of pesticide released over time. After each sampling, the
volume of release medium taken is replaced with an equivalent amount of fresh
dissolution medium to ensure a constant total solution volume (Cao et al. 2018). An
alternative setup is a two-compartment models in which a glass vessel that contains
the nanopesticide is covered with a dialyzing membrane and introduced in a cham-
ber containing the release medium (dos Santos Silva et al. 2011; Grillo et al. 2014;
Pereira et al. 2014). The dialysis method has also been used to study the release
(dissolution) of metal ions from metal nanoparticles (Kittler et al. 2010; Misra et al.
2012). However, these studies are scarcely found in the literature.

The main drawback of dialysis is the possible sorption of the AI on the mem-
brane. Nevertheless, when the sorption is low, this problems could be solved by
performing dialysis experiment with a control unformulated Al together with the
nanoformulation under study. Sometimes, the sorption of the Al in the membrane is
very high due to the low water solubility of the Al, and the comparison is not pos-
sible. In this case, the addition of a co-solvent that increases the solubility of the Al
in the release medium are recommended. In the extreme event that the affinity
between the Al and the membrane is so high that the use of a co-solvent cannot
avoid the high sorption, the use of dialysis method must be discarded (D’Souza and
DeLuca 2006).

2.1.2 Discontinuous Methods: Sample-and-Separate Methods

This method consists in introducing the nanopesticide into a vessel containing the
release medium and release is evaluated over time. Unlike dialysis methods, in
samples-and-separate methods, nanocarrier-Al complex is in direct contact with the
bulk medium. The medium is mainly selected according to the solubility of the Al
(Qian et al. 2011, 2013), and the pH values of this medium tested are chosen for the
purpose to evaluate the stability of the nanoformulation at different pH (Qian et al.
2011). The volume of release medium should be sufficient to maintain sink condi-
tions without compromising the sensitivity of the assay studied (D’Souza and
DeLuca 2006). After the incorporation of the nanoparticles to the release medium,
the system must be subjected to continuous or intermittent agitation during the
experiment (Qian et al. 2013; Cabrera et al. 2016). Periodically, samples are taken
from the bulk medium and the nanoparticles are separated by filtration (Nguyen
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et al. 2012; Liu et al. 2014) or centrifugation (Qian et al. 2013) and then analyzed.
After every sampling, the release medium removed must be replaced with an equal
volume of fresh release medium than that withdrawn to maintain sink conditions
during all the experiment (Flores-Céspedes et al. 2012). An alternative setup of this
method was carried out by Campos et al. (2015), in which, after the addition of a
nanoformulation suspension sample to the release medium (water), aliquots of this
mixture were added to Falcon tubes which were closed and agitated at a room tem-
perature. At certain intervals of time, one of the tubes was removed from the shaker
and centrifuged. The supernatant was filtered and measured to determine the pesti-
cide release at each time.

This procedure is also used to assess the dilution rates (release rate) of metal ions
from nanoparticles of the corresponding metal such as, for example, Ag (Liu and
Hurt 2010) or ZnO nanoparticles (Miller et al. 2010; Peng et al. 2011). The ion
release is determined by dilution of the nanometal stock solution in the release
medium to desired concentration. Then, at selected times, aliquots of the suspension
are withdrawn and the supernatant containing the dissolved metal ions are separated
from the nanoparticles by ultrafiltration or centrifugation.

The main advantage of sample-and-separate method is obtaining the amount of
Al released from the nanocarriers directly. However, this method has a number of
disadvantages such as the possible overestimation of the Al released because of the
forces of filtration and/or centrifugation that could compress or crash the nanopar-
ticles in the case of Al-nanocarrier complexes. Another limitation of this method is
the inability to accurately quantify the amount of Al released in real-time due to
time delay from sampling to analysis (Zhou et al. 2016). Therefore, comparing the
two methods, the dialysis would be the most suitable method to study the Al release
from nanopesticides in which the Al is associated with a nanocarrier, as long as no
Al retention in the membrane occurs. On the other hand, in the case of nanometals,
discontinuous method has been shown to be appropriate.

It is worth noting that, although release experiments in water has been employed
widely for assessing the nanopesticide durability, they are usually performed in
unrealistically conditions of high concentration of Al and in ionized water. Thus,
under these conditions, the results obtained are not very representative of the real
conditions of pH, ionic strength, and dilution factor to which the nanoformulation is
subjected when it is diluted in the tank before its application in the field (Kah
et al. 2018).

2.2 Release Experiment in Soil

Measuring the release rate of the Al from the nanocarrier in soils is critical, since it
allows estimating the durability of nanopesticides after application in the field.
However, the design of this experiment is a challenge due to the difficulty of obtain-
ing measurements at realistic soil-solution ratios (Kah et al. 2018). In several works,
a similar procedure to evaluate the release of the Al in soils has been proposed
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(Sarkar et al. 2012; Kumar et al. 2015; Chauhan et al. 2017). The nanopesticide
tested is wrapped in parchment papers and placed inside the soil samples (25-50 g)
contained in beakers. Then, water is added to the soil to bring around 60% water
holding capacity. The beakers are covered with parafilm that is drilled to allow air
exchange, and incubated at 30 °C in biochemical oxygen demand incubator.
Periodically, beakers are taken out from the incubator, and the parchment paper
strips are removed from the soil. The soil samples are extracted with an appropriate
procedure using organic solvents (depending on the AI) and the Al is analyzed.

2.3 Mathematical Models for Nanopesticide Release

Both in water and in soils, the data from release experiment can be fitting with sev-
eral mathematical models including zero order (Campos et al. 2015), first order
(Sarkar et al. 2012; Campos et al. 2015; Yu et al. 2017; Li et al. 2019b), Higuchi
(Sarkar et al. 2012; Campos et al. 2015) or Korsmeyer—Peppas (Qian et al. 2011;
dos Santos Silva et al. 2011; Flores-Céspedes et al. 2012; Sarkar et al. 2012; Pereira
et al. 2014; Kumar et al. 2015; Cabrera et al. 2016; Chauhan et al. 2017; Tong et al.
2017; Evy Alice Abigail 2019; Rashidipour et al. 2019). The latter is the most used
and allows elucidating the type of release mechanism. The Korsmeyer—Peppas
model is described by the equation (Korsmeyer et al. 1983):

——=k-t" (1)

where M/M., is the fraction of compound released in time ¢, k is the characteristic
kinetic constant of the Nanocarrier-Al system, and 7 is the release exponent, which
indicates the type of release mechanism.

This model is appropriate to describe the release of compounds from nanocarri-
ers when the preponderant mechanism is not well known, or when two mechanisms
apparently independent are involved: diffusion of the Al through the polymer and
transport controlled by swelling-relaxation of the polymeric chains. In this last
mechanism, the dissolution medium penetrates the matrix causing the swelling of
the polymer that adopts a rubbery state that allows the Al contained in it to diffuse
outwards (Langer and Peppas 1981). Ritger and Peppas 1987 proposed that the
value of n characterizes the mechanism of release, establishing three different situ-
ations in the case of spherical polymer particles:

* n < 0.43 (case I transport) indicates that the process is mainly regulated by dif-
fusion and, thus, release mechanism follows Fick’s Laws.

e n> 0.85 (case Il transport) implies that the mechanism is regulated by swelling
and relaxation processes of the polymer.

* 0.43 < n < 0.85 (intermediate values) suggests anomalous behavior with non-
Fickian release kinetic in which a combination of diffusion and relaxation of the
polymeric chain occurs.
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2.4 Indirect Estimation of Durability

Sometimes, the direct determination of the durability is not possible due to the
release experiments could present some artifact such us the sorption of the Al to the
membranes. In these cases, an indirect estimation of durability of nanopesticides
based on other soil processes such as persistence or leaching could be feasible. Kah
et al. (2016) proposed an indirect approach to estimate the durability of several
nanoformulations of bifenthrin-loaded to polymer nanocarriers based on the degra-
dation kinetics of the free Al and the Al associated with the nanocarriers. The
assumptions behind this approach are that (1) only the portion of Al released is
available to be degraded, (2) at time zero, all the insecticide is associated with the
nanocarrier, and (3) both release and degradation process can be described by first-
order kinetics. The authors proposed that the concentrations of formulated
(Nanocarrier-Al), released (Al), and degraded bifenthrin (AI’) could be described
by a sequential first-order model:

k i
Nanocarier-Al - Al — Al

where Nanocarrier-Al is the nanoformulation, Al is the active ingredient released
from the nanocarrier, AI’ is the active ingredient degraded, k; is the release rate of
Al from nanocarrier, and k, is the degradation rate of the released Al. Then, the
results obtained in the degradation experiment of the nanoformulations and the pure
Al were fitted to sequential first-order model and the value of k; and k, were
obtained. Thus, k; was calculated from the degradation experiment of the nanofor-
mulation and k, was determined from the degradation curve of the pure bifenthrin.
Finally, the release-half-lives (Rs) were determined from k; as the time necessary
for half the bifentrin to be released from the nanocarrier.

3 Methods for Measuring Sorption of Active Ingredients
in Soils

Two methods have been proposed in the literature to assess the sorption of Als
from nanopesticides in soils: (1) batch equilibrium method and (2) centrifuga-
tion method.

3.1 Batch Equilibrium Method

The batch equilibrium approach (standardized by OECD guideline 106; OECD
2000) is the most widely used method for evaluating the sorption of pesticides (and
other chemicals) in soils. Logically, it is frequently used also in the studies that
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determine the effect of the nanoformulation on the sorption of Als in soils (dos
Santos Silva et al. 2011; Grillo et al. 2014; Kah et al. 2014, 2016, 2018; Rashidipour
et al. 2019). According to the OECD guidelines (OECD 2000), soil samples are
shaken with 0.01 M CaCl, solution which is spiked with the pesticide studied (or
nanopesticide) until equilibrium of the distribution of the pesticide between soil and
solution. Both the soil/solution ratio and the time to achieve equilibrium are deter-
mined in preliminary experiments (OECD 2000). The aqueous phase is separated
by centrifugation and analyzed to obtain the pesticide concentration. The sorbed
mass of the pesticide at equilibrium is calculated indirectly from the difference
between the concentration of the initial solution and the solution in equilibrium with
the soil. It is also possible to determine the amount of the pesticide sorbed on the
soil directly by extracting with an organic solvent (OECD 2000; Kah et al. 2016).
Figure 2 depicts schematically how the batch equilibrium method is performed.
The benefit of the OECD approach is that, if wished, the supernatants could be
filtered in order to differentiate the fate of the Al loaded onto the nanocarriers from
those released within the time frame of the experiment (Kah et al. 2014). On the
other hand, it has some limitations because it is designed for conventional formula-
tions of pesticides. For instance, in this method it is necessary to use large volume
of solution and a vigorous shaking that could alter the structure of the nanopesticide

Aqueous
s?)lution NanOpEftiCide
of CaCl, 0%
Pre-incubation Shaking Centrifugation | supernatant is
| I I I g measured
Soil Organic
solvent

Shaking Centrifugation Supernatant is
) : g g ¥ measured

Fig. 2 Schematic diagram of batch equilibrium method
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and the interaction between the Al and the nanocarrier, accelerating the release (Kah
et al. 2014).

The batch sorption experiment is the most widely method used in the literature
to evaluate the retention of metal ions and metal nanoparticles in soils (Van
Koetsem et al. 2018; Wang et al. 2018; Torrent et al. 2019). However, due to their
colloidal properties, this method would not be recommended to assess the sorp-
tion of nanopesticides whose nanoparticles have pesticidal properties (as the
aforementioned metals) in soils. This is because this type of nanopesticides
behaves as the similar way that the soil colloids, since they have colloidal charac-
teristics such as aggregation, settling, and interaction with surface and matrix
effect, among others. Therefore, the sorption of theses nanopesticides in soils is a
dynamic process and a phase partitioning between environmental matrices cannot
be assumed under these non-equilibrium conditions (Westerhoff and Nowack
2013; Kookana et al. 2014).

3.2 Centrifugation Method

The centrifugal method has been proposed as an alternative to batch equilibrium
method in order to determine sorption of pesticides at a realistic soil-solution ratio
and considering the non-equilibrium processes, which are particularly relevant to
nanopesticides, whose properties are expected to evolve with time (Kah et al. 2014,
2018). In this method, a soil sample is moisturized to 50-60% of the maximum
water holding capacity and pre-incubated. Next, the nanopesticide is added to the
soil and at selected times, soil samples are taken and subjected to a special
centrifugation using tubes with filters that extract the water from the pore of the soil.
Then, the filtrates obtained are analyzed to determine the free Al concentration over
time (Fig. 3b). The total concentration is obtained by extracting soil samples taken
at the same selected times with an appropriated organic solvent (Fig. 3a).

The centrifugal method has a number of benefits over the batch approach, such
as avoiding dilution and vigorous shaking that could affect the nanoformulation
structure, performing measurement at more realistic soil to solution radio, assessing
indirectly the durability of the nanopesticide and allowing to evaluate time-
dependent sorption phenomena (Kah et al. 2014). However, a major drawback that
this method could have is the possible artifact due to the use of centrifuge filter
tubes. Therefore, the Al could be sorbed of the filter or some particles, especially
those of great size formed by agglomeration of nanoparticles, can be retained in the
filter. Thus, it is necessary to evaluate this possible source of error before using.
Furthermore, the sorption over time could be affected by the degradation in the case
of a low persistent Al. Therefore, it is important to combine this method with deg-
radation studies.

If both methods are compared for nanocarrier-Al complexes, the batch equilib-
rium method could be considered the most appropriate one for regulatory assess-
ment of Als because this method is more consistent and reproducible in comparison
with the centrifugal method. Nevertheless, due to the particular properties of these
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Fig. 3 Schematic illustration of incubation experiment where total concentration of Al (a) and
concentration of free Al (b) are determined over the time

nanopesticides, the use of centrifugal technique can provide more accurate results
and more information about the durability of nanopesticides, and thus, about the
time during which the nanoformulation can influence on the active ingredient behav-
ior. In the case of nanometals, although batch equilibrium method is frequently used,
this approach would not be adequate, since the retention of nanoparticles in the soil
is determined by non-equilibrium processes due to their colloidal characteristics.

3.3 Mathematical Models Used in Sorption Experiments

Several mathematical models of the equilibrium isotherms and sorption kinetics
have been proposed to study the sorption of pesticides in soils. These same models
could be also used to assess the sorption of Als from nanopesticides in soil. The
most common models are discussed below.

3.3.1 Mathematical Models of Equilibrium Isotherms

Adsorption isotherms are used to describe the equilibrium when the relation between
the amount of pesticide adsorbed and the amount of pesticide in equilibrium is not
linear. In this case, the adsorption equilibrium is evaluated at isothermal tempera-
ture and different pesticide concentrations. The isotherm is obtained by plotting
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concentration of pesticide adsorbed in the soil versus equilibrium concentration of
pesticide in solution at different initial concentrations. The experimental data from
adsorption isotherm can be fitted to several models. These models consider different
characteristics of the adsorbate-adsorbent system such as the type of coverage, the
homogeneity or heterogeneity of the solid surface, and the interaction between the
adsorbed pesticide molecules, among others.

Langmuir Model

The Langmuir isotherm theory (Langmuir 1918) considers that (1) the sorption
involves a monolayer coverage, (2) all sorption sites are identical (uniform ener-
gies), and (3) only one molecule can be accommodated in each sorption site. In this
model, no interaction forces occur between adsorbed pesticide molecules (Ghosh
and Singh 2012; Al-Smadi et al. 2019). The linear form of the Langmuir equation is
expressed as:

c.__1 .G .
q., bQo Qo

where C, is the equilibrium concentration, ¢, is the amount of Al adsorbed per unit
mass of adsorbent at equilibrium, Q, is the theoretical monolayer capacity, and b is
the sorption equilibrium constant related to the energy of sorption. From the plot of
C/q. versus C,, the values of Q) and b can be calculated.

Freundlich Model

The Freundlich model is an empirical model used for heterogeneous systems. In the
model, infinity surface coverage is assumed and an extremely strong interaction
between adsorbed molecules occurs. Thus, the greater the adsorbate concentration
in solution, the greater concentration of adsorbate on the surface of the adsorbent
(Ghosh and Singh 2012), and therefore, the sorption can be described by an expo-
nential equation:

1

q, =foCj 3)

where ¢, is the amount of Al adsorbed per mass unity of adsorbent, C, is the equi-
librium concentration of pesticide, K;and n are the Freundlich constants represent-
ing the adsorption capacity and the adsorption intensity, respectively.

The lineal form of Freundlich expression is

logg, =logK, +n-logC,. 4)

The values of K;and n can be determined by plotting log g, versus log C..
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3.3.2 Mathematical Models of Sorption Kinetics

The main sorption kinetics models found in the literature for nanopesticides are
pseudo-first order, pseudo-second order, and intraparticle diffusion (dos Santos
Silva et al. 2011; Grillo et al. 2014; Rashidipour et al. 2019).

Lagergren Pseudo-First-Order Model

Pseudo-first-order model is usually used to describe reversible reactions in which an
equilibrium is established between liquid and solid phases (Al-Smadi et al. 2019).
The linearized form of this model is as follows:

k
log(qe—q,)=10gqe—7'03-t )

where ¢, is the amount of pesticide adsorbed per unit mass of sorbent at equilibrium,
q,1s the amount of pesticide adsorbed per unit mass of sorbent at time #, and k; is the
pseudo-first-order adsorption constant.

Pseudo-Second-Order Model

In the pseudo-second-order model, the rate-limiting factor is the chemical adsorp-
tion, i.e., the interaction of the pesticide molecules with the adsorption sites by
chemical bonding (Al-Smadi et al. 2019). This model considers that the adsorption
capacity is directly proportional to the number of available active soil sites (Céceres
et al. 2010). The lineal form of the pseudo-second-order equation is

—= +—-t (6)

where g, is the amount of pesticide adsorbed per unit mass of sorbent at equilibrium,
g, 1s the amount of pesticide adsorbed per unit mass of sorbent at time ¢, and k, is the
pseudo-second-order adsorption constant.

Weber and Morris’s Intraparticle Diffusion Model
This model describes the sorption processes that are diffusion-controlled, i.e., the
sorption rate depends on the velocity at which sorbate (pesticide) diffuses into the

sorbent (soil surface) and in the sorbate solution (Céceres et al. 2010). The equation
that describes this model is

‘szim"%JfC (N
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where ki, is the intraparticle diffusion rate constant, C is a constant that provides an
indication of boundary layer effect, and ¢, is the amount of pesticide adsorbed per
unit mass of sorbent at time 7.

4 Method for Assessing the Persistence of Active Ingredients
in Soils

Incubation method according to OECD guideline 307 (OECD 2002) is recom-
mended to evaluate the persistence of an Al associated with a nanocarrier in soils
(Kah et al. 2014, 2016; Kookana et al. 2014). Fresh soil is pre-incubated and then,
the nanoformulation is added to it. Periodically, soil aliquots are sampled, extracted
with organic solvent, and analyzed to determine the concentration of Al that remains
in the soil over the time (Fig. 3a). The protocol followed for nanopesticides is the
same than those used for conventional pesticides (or other compound). It is recom-
mended to carry out the incubation experiment with pure Al in parallel with the
nanoformulation of Al, since the differences observed between both experiments
could reveal essential information about the effect of the nanocarrier-Al association
on the persistence and release of Als (Kookana et al. 2014). For instance, if the
degradation rate of the Al is faster in the pure Al experiment than in the nanoformu-
lation experiment, it could mean that the release of the Al from the nanocarrier is
very slow and the amount of Al bioavailable to be degraded is very low. On the
other hand, similar degradation rates for the pure Al and the nanopesticide would
indicate that the release of the Al occurs rapidly in comparison with degradation
kinetics. It must be kept in mind that this approach requires assuming that only the
Al released from the nanopesticide is bioavailable to be degraded, while the Al
associated with the nanocarrier is protected from degradation. Nevertheless, this
assumption does not always have to be true, and thus more research on bioavail-
ability are necessary to establish a realistic estimation of release based on the differ-
ences between degradation kinetics of pure Als and nanopesticides. Thus, for
example, in the case described above, the reason for a similar degradation might not
be a rapid release but a degradation of the Al associated with the nanocarrier due to
abiotic or biotic degradation (Kah et al. 2014).

S Methods for Evaluating the Mobility of Nanopesticide
in Soils

The use of column experiments has been suggested to study the mobility of nanopes-
ticides in soils, both of the Al and of nanoparticles. These experiments allow assess-
ing the leaching rate of nanopesticides, as well as its horizontal distribution in the
soils. A schematic illustration of the column experiments described in this section is
shown in Fig. 4.
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Fig. 4 Schematic illustration of the column experiments described in the Sect. 5

5.1 Column Experiments for Evaluating the Mobility

of Active Ingredients in Soils

Column experiments used in the studies of mobility in soils for conventional pesti-
cides have also been recommended to study the Al transport of nanopesticides in
soils. Different designs of column experiments for nanopesticides are found in the
literature. One of these designs is the leaching experiment of Als through soil
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columns following a procedure similar to that described in the OECD guidelines
(OECD 2004). Columns made of inert material (e.g., glass, stainless steel, alumi-
num, Teflon, PVC, etc.) are filled with air-dried soil. Prior to adding the soil, glass
wool and quartz sand are placed on the bottom of the columns to prevent loss of soil
particles. After adding the soil, quartz sand is also applied on the top of the columns
to allow a uniform distribution of the nanoformulation and water added on the soil
surface (Cabrera et al. 2016; Cao et al. 2018). Next, the columns are saturated by
applying of water and allowing them to drain. After column saturation, the nanofor-
mulation is placed on the top of the column, and water is applied imitating irrigation
or precipitation. The water supply can be continuous by using a peristaltic pump
(Cao et al. 2018) or discontinuous by daily application of a certain amount of water
to the column top (Cabrera et al. 2016). Leachates are collected periodically and
analyzed to determine the concentration of AI. When the leaching experiment is
completed, the soil can be removed from the columns, divided into several portions,
and each is extracted and analyzed for the Al that remains in the soil (OECD 2004;
Cabrera et al. 2016).

Similar procedures are used to assess the mobility of nanometals and nanometal-
oxides, i.e. nanopesticides consisting solely of a metal or a metal oxide, in soils
(Sagee et al. 2012; Sun et al. 2015). In this case, both the collected leachates and the
soil extracted from the columns must be digested with an appropriate inorganic acid
(or a mix of them) before analysis. Finally, the digested extracts are analyzed using
some atomic spectrometry technique including electrothermical atomic absorption
(ET-AAS), inductively couple plasma mass spectroscopy (ICP-MS) or inductively
couple plasma optical emission spectroscopy (ICO-OES) (Sagee et al. 2012; Sun
et al. 2015).

For both types of nanopesticides, to distinguish the fate of the free Al
(organic pesticide or metal ion) from that loaded onto the nanocarriers or metal
nanoparticles, before analysis and/or digestion of leachates, an aliquot of
them should be filtered or ultrafiltered. The concentration of Al obtained in the
filtrates would correspond to the free concentration (Kah et al. 2014; Wang
et al. 2014).

Other soil column experiment proposed in the literature for nanopesticides
formed by an Al associated with a nanocarrier, consists in the application of
nanopesticides to soil columns constructed by joining several PVC rings to assess
the distribution at different soil depths (Pereira et al. 2014; Evy Alice Abigail 2019;
Rashidipour et al. 2019). After the nanopesticide addition, precipitation/irrigation is
simulated by addition of water at desired time intervals. Next, the column is split
into individual rings and the AI concentration is quantified in each ring separately.
This method does not distinguish between the free Al and the Al associated with the
nanocarrier.
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5.2 Column Experiments for Evaluating the Mobility
of Nanoparticles in Soils

Detection of nanopesticide in “particle form” in soils and leachates is extremely
complex due in part to the presence of natural colloids that are almost identical to
the nanoparticles to be quantified (Hassellov et al. 2008). Therefore, studies on the
mobility of nanoparticles in the soil, especially for those non-metallic nanocompo-
nents (e.g., polymers), are very scarce in the literature. Petosa et al. (2013) con-
ducted a leaching experiment using polymeric nanoparticles. In this work, the
authors proposed a method to study the vertical transport of engineered nanoparti-
cles (polyacrylic acid-coated cerium dioxide and polyacrylic acid nanocapsule)
using glass columns filled with quartz sand (artificial soil) and loamy sand (natural
soil). Firstly, both quartz sand and loamy sand had to be equilibrated. The quartz
sand was preconditioned by soaking in electrolyte solution and then, it was wet-
packed into the glass columns. In the case of loamy sand columns, the glass col-
umns were filled with the dried-soil and next, the soil columns were conditioned
with CaCl, solution to stabilize the soil colloids, followed by an electrolyte solution.
After equilibrating the columns, at least three pore volumes of engineered nanopar-
ticle suspensions were applied to them, followed by particle-free electrolyte solu-
tion. Then, influent and effluent particle concentrations were monitored using a
UV-visible spectrophotometer. Petosa et al. (2017) repeated this procedure for eval-
uating the mobility of four polymeric nanocapsules, a polymeric nanocapsule
loaded with bifenthrin and a commercial formulation of this insecticide (Capture®
LFR). In this study, all the hollow nanocarriers, the bifenthrin nanoformulation and
the commercial formulation were monitored by a UV-visible spectrophotometer.
Additionally, nanopesticide elution was also monitored by nanoparticle tracking
analysis. This study was performed at different pH values and in presence and
absence of fertilizer. The different scenarios shown in these experiments allowed
the authors to obtain an insight of the interaction between the polymer delivery
system and the model soil used, as well as elucidated the mechanism governing the
nanoparticle transport.

Assessment of the mobility of nanometals in their nanoparticle forms using col-
umns is also possible. Mahdi et al. (2018) evaluated the transport of Ag-nanoparticles
(AgNPs) using polyethylene hydraulic soil columns filled with three natural soils.
The columns were filled three quarter and saturated with water and left equilibrate
for 24 h. Then, the Ag-nanoparticle solution were diluted in Milli-Q water, mixed
with a portion of water-saturated soil and incorporated to the column. Next, rainwa-
ter was simulated by applying to the top of the columns water in pulses (one pulse
per day). Leaching and distribution at different depths of Ag nanoparticles were
evaluated after applying different volumes of water. For this purpose, three series of
columns were prepared for each soil by adding to one, two, three pulses of water,
respectively. After applying the desired number of pulses of each series, the leach-
ates were collected and the soil was removed from the columns and divided into
four layer. In the leachates, Ag-Nanoparticles were extracted by sedimentation and
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dilution to remove the leached soil particles and organic matter. In the case of the
soil layer, the Ag-nanoparticles were extracted following the aqueous extraction
procedure detailed in Mahdi et al. (2017). After extractions, soil and leachate
extracts were measured for concentration and particle size by the single particle
inductively couple mass spectrometry method (spICP-MS) that allows the determi-
nation of very low nanoparticle concentration in soils. A critical limitation of this
technique is the difficulty and even the inability to determine the Ag nanoparticles
in the presence of dissolved species of the monitored metallic element (Laborda
et al. 2016). However, a new generation of spICP-MS instruments has been devel-
oped that presents certain improvements that allow solving this issue (Montafio
et al. 2014). Therefore, this quantification technique has a great potential for the
detection of metallic nanoparticles in soil and water samples.

The combined use of the leaching experiments described in both section for each
type of nanopesticide could give a wide information on their mobility through the
soil. For instance, in the case of nanopesticides formed by an Al loaded onto a nano-
carrier, comparing the leaching rate of the Al when it is applied as pure form or
associated with a nanocarrier could provide information on the release rate of the Al
from the nanopesticide. Thus, if a delay in the leaching of the Al or a lower percent-
age of Al leached is observed in the column where the nanopesticide is added, it may
be indicative of a slow release of the Al In the case of the study of distribution of the
Al at different soil depths, the extent of the Al filtration could be evaluated when the
nanopesticide is applied. Finally, the method proposed in Petosa et al. (2017) allows
assessing the transport of the nanoparticles (not AI) through the soil and how differ-
ent soil properties as pH and presence of fertilizer could affect on this transport.

6 Conclusion

Interest in the use of nanopesticides has increased in recent years. The procedures
followed to assess the fate of these new nanoformulations in soils are practically the
same as those used for conventional pesticide formulations. However, nanopesti-
cides have a number of physicochemical properties associated with their nano-size
and colloidal character that make that their behavior in soils differs from that of
conventional pesticides. For this reason, slight modifications have gradually been
made to these procedures to adapt them to nanoformulations. Even so, understand-
ing fate of nanopesticides using these modified methods has some limitations.
Nevertheless, due to the growing interest in the application of nanotechnology in the
formulation of plant protection products, the development of new methodologies
that overcome the limitations of conventional methods is expected.
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Abstract Soil is a dynamic, physically, spatially, and temporally heterogeneous
but well-organized, three-dimensional porous matrix mixing mineral and organic
matter and living organisms. Among them, soil microbiota constitutes a reservoir in
which plants select a specific microbiome, contributing to their growth and their
health. Microbes in soil also contribute to many ecosystemic services in agrosys-
tems, as the recycling of major nutrients in the soil ecosystem (carbon, nitrogen,
phosphorus, sulfur...).

Nanoagrochemicals are active substances based on nanotechnologies and nano-
formulations to improve the characteristics and properties of active molecules as
pesticides for agronomy purposes, e.g., biocides, herbicides but also nutrients.
Nanotechnologies have burst into agronomy with a potential for innovation in order
to improve the efficiency of pesticides, nutrients, their delivery and thus contribute
to the reduction of inputs in agriculture. However, the impact of these nanopesti-
cides on the soil microbiota as non-target organism remains underestimated
up to now.

The chapter reviews the approaches and trends in the evaluation of nanopesti-
cides implications on soil microbiota, focusing on copper- and silver-based nanopar-
ticles as pesticides or on formulation or nanocarriers of conventional pesticides. By
confronting the current knowledge and comparing methodologies, the potential and
the pitfalls to overcome are discussed, together with future directions.
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1 Introduction

Agrochemicals, also known as phytopharmaceuticals products or pesticides, are
substances used in agriculture to increase crop yield and to control pests, such as
plant pathogens (fungi and bacteria), herbs, and nematodes. Nanoagrochemicals or
nanopesticides are active substances based on nanotechnologies and nanoformula-
tion to improve their characteristics and properties. Nanoenabled agrochemicals
encompass nanofertilizers, nanopesticides, soil enhancer, and more recently nano-
sensors (Parisi et al. 2015; Fraceto et al. 2016; Baker et al. 2017; Adisa et al. 2019).
Unlike nanomaterials, which are defined as materials with at least one dimension
between 1 and 100 nm, nanopesticides encompass a range of heterogeneous prod-
ucts in terms of particle size: most of nanopesticides exceed the 100 nm size thresh-
old. However, the nanoscale dimension usually provides particles with new chemical
and physical properties, and is source of innovation in agricultural sector. The out-
comes of nanotechnologies applied to pesticides are smart objects, endowed with
increased efficacy, due to the reduction of losses and controlled delivery of the
active ingredient, together with potential reduction of doses (Kah et al. 2018).

This reduction in the quantities of pesticides, used to increase agricultural pro-
ductivity, could be particularly welcome in a paradoxical context that confronts the
injunction for a more sustainable agriculture to preserve the earth’s resources, feed-
ing an increasing world population expected to reach from 7.7 billion to 9.7 billion
in 2050 (https://population.un.org/wpp/), and fluctuating yields due to global warm-
ing and climatic events (drought, flooding heatwave events, etc.).

Pesticides and nanopesticides, sprayed on plants and soils or used as seed coat-
ing, can interact with the soil ecosystem, with potential consequences for the soil
microbiomes, the soil fertility, and ecosystemic services.

Soil microbiota, encompasses a community of microorganisms, bacteria,
archaea, fungi, viruses, and protists, associated to this environment. Soil microbiota
plays a fundamental role in the cycle of elements, especially carbon but also nitro-
gen, phosphorus, sulfur, and other elements, the recycling of organic matter, the
degradation of pollutants and the soil formation, by water and microbial alteration
of rocks. Hence, soil organisms are key drivers for relevant ecosystem services in
agricultural landscapes, such as nutrient cycling, soil structure, pest control, and
biodiversity.

But more importantly for agriculture, the soil is a reservoir of microorganisms,
in which the plant selects a specific microbiome, which contributes to the growth of
the plant and its health. Thus, via the selected microbiome, the plant acclimates
more quickly to stress, whether abiotic (drought, flooding, chemical toxics) or biotic
(plant pathogens). The role of the plant microbiome is often compared to that of the
intestinal microbiome for humans (Schlaeppi et al. 2014). Soil microbiome is con-
sidered as the second genome of the plant and the agricultural potential of the soil.
Some microbiomes associated to soils can be suppressors of plant pathogens and
naturally help controlling plant diseases.
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Thus, understanding the interactions of nanopesticides with soil and plant micro-
biomes is essential in order to develop smart nanoagrochemicals that associate effi-
ciency and eco-compatibility, in order to preserve the microbial diversity of the soil.

Before jumping into the nanoworld of pesticides, we would like to highlight the
fact that the impact on soil microbiome as non-target organisms of regular (non-
nano) pesticides is not so well described, even if they are currently used on agroeco-
systems at a rate of billions of tons. Pesticide risk assessment on soil microorganisms
is certainly sidelined when considering the effects on non-target organisms. In
Europe, as far as environmental risk assessment is concerned on non-target soil
microorganisms, obtaining a marketing authorization from EFSA (European Food
Safety Authority) only requires to evaluate the effect of the active substance on
nitrogen mineralization (OCDE 216 2000; Thiour-Mauprivez et al. 2019). However,
the European Food Safety Authority (EFSA) Panel on Plant Protection Products and
their Residues recently proposed specific protection goals and testing strategies
(e.g., functional assays based on soil respiration, exoenzyme activity and potential
ammonium oxidation, PAO, test), which take into account the relevant exposure
routes for in-soil organisms and the potential direct and indirect effects.

Many pesticides are systemic in plant and may act on a target that both can be
found in plants and in microorganisms, as it for herbicides (Thiour-Mauprivez et al.
2019). Pesticides that control biotic plant disease can indiscriminately affect micro-
organisms pathogenic or beneficial to the soil ecosystem and to the plant. Regular
use of organophosphates or pesticides reduces the microbial community and soil
fertility though pesticides are not always toxic for microbial communities (Lo
2010). Some effects can be transient, e.g. the modulation of soil enzymatic activities
by biopesticides (Shao and Zhang 2017). Pesticides can be both a felicity or a curse
to soil microbial community (Karpouzas et al. 2016). Indeed, some pesticides are
used as source energy for microbes and can challenge and select some specific and
competitive microbial communities. However, whether these selected microbes are
friendly or not is a main concern. As example, glyphosate, one of the most used
herbicide in the world, enhances the resistance to chloramphenicol and kanamycin
in E. coli and S. typhimurium (Kurenbach et al. 2017). Thus, crossed-resistances to
herbicides and antibiotics could be a major concern, as exposure of bacteria to non-
antibiotic chemicals such as herbicides could promote the resistance to antibiotics
(Rangasamy et al. 2018; Van Bruggen et al. 2018).

Thus understanding the impact of pesticides and nanopesticides on non-target
organisms and the resilience of the soil ecosystem is an evidence and an open ques-
tion, and the approaches are still debated.

This chapter analyses the interactions and impacts of nanopesticides on soil
microbial communities. It is not an exhaustive review but rather an illustration of
the knowledge in the field, the gaps and future prospects.

Before getting into the details of microbial nanopesticides interactions and their
impacts on soil life, it is necessary to understand: (1) the complexity of soil and
plant-soil-microbial system, indeed, the nanoform of pesticides may alter their fate
and diffusion in the soil matrix, and (2) the main methods to characterize impacts on
soil activity and soil microbiota.
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2 Soil-Plant-Microbiota: A Complex System

2.1 Soil Is Complex and Heterogeneous Matrix

Soil is biomaterial and the support for microbial communities that form the founda-
tion of trophic food webs, supporting terrestrial life. A fertile soil contains up to 102
bacteria and 25 km of fungi. However, as cells cluster together, only about a tiny
fraction of the soil surface area (10°%) is covered by soil microbes (Young
et al. 2008).

Soil is a dynamic, physically, spatially, and temporally heterogeneous but
well-organized, three-dimensional porous matrix made from mineral and organic
matter, different physical matter states (solids, liquids, and gases) and living
organisms. There is a complex feedback between the chemistry of the matter
and the biology of microorganisms living in soil habitat (Fig. 1). At a local scale,
soil is a three-dimensional hierarchical network based on aggregates and on
pores that are periodically connected during wetting events. Aggregates are the
functional unit of a soil ecosystem (Wilpiszeski et al. 2019). Organo-mineral
associations drive the formation of clusters (2-20 pm) through electrostatic and
hydrophobic interactions between clays and organic matter, especially extracel-
lular polymeric substances (Santaella et al. 2008) forming hutches for bacteria
and fungi (Totsche et al. 2018; Watteau and Villemin 2018). The formation of
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Fig. 1 Soil matrix, a complex system (adapted from Wilpiszeski et al. 2019 and Driouich et al.
2019). The microstructure of soil aggregates hosts different soil communities and functional diver-
sity. Pore spaces within microaggregates (1-2 pm) and interaggregates (10-30 pm) allow gases,
water and nutrients to diffuse. Diffusion of gas, water and nutrients is modulated according to the
diameter of pore spaces from 10-30 pm in interaggregates to 1-2 pm within intraaggregates. At the
root tip, a network of polysaccharides and proteoglycans embeds cap-derived cells (AC-DCs) and
exudates
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stable clusters is stimulated at the interface between the plant root and the soil,
the rhizosphere, as plant exudates and desquamated cells promote hot spots of
bacteria (Watteau and Villemin 2018). These clusters assemble into microaggre-
gates (<250 pm) cementing mineral agents (oxides, hydroxides, and oxyhydrox-
ides of iron, manganese, aluminum, silicon, aluminosilicates, and carbonates)
and entangling organic matter (Totsche et al. 2018). Temporary binding through
hyphae from fungi or actinomycetes, roots, proteins, and extracellular poly-
meric substances gathers microaggregates into macroaggregates (>250 pm) and
pores. This architecture creates a variable flow of water and nutrients that can be
accessed by soil organisms (Wilpiszeski et al. 2019). Proteins with enzymatic
activities can be everywhere, inside cells, inside or at the surface of microaggre-
gates, and macroaggregates and even in pores during a waterlogging event. Soil
and especially clays, organic matter, and minerals can sorb chemical compounds
circulating in the pore water solution (the so-called cation exchange capacity)
and interact with microorganisms.

The microstructure of soil aggregates directly impacts soil communities and
functional diversity. The diffusion gas, water, and nutrients are modulated according
to the diameter of pore spaces from 10 to 30 pm in inter-aggregates to 1-2 pm
within intra-aggregates. Soil microstructure offers micro-niche for microorganisms.
As example, nitrogen cycle relies on communities inhabiting distinct portions or the
soil structure. Nitrifiers are most abundant and active in 2- to 20-pm microaggre-
gates, while nitrogen-fixing bacteria were most abundant in the <2 pm clay fraction
(references in Wilpiszeski et al. (2019)).

Recently, Driouich et al. (2019) described a new structure, the Root Extracellular
Trap (RET), expected to set in soil the interactions and relations between plant and
rhizosphere microorganisms. At the tip of the root, cap-derived cells (AC-DCs,
Driouich et al. 2019) are released in the rhizosphere as single cells (border cells,
Hawes et al. 2000) or files of cells still attached together (border-like cells, Vicré
et al. 2005). These two types of cells are implicated in the root defense (Hawes et al.
2012, 2016; Plancot et al. 2013). At the scale of a root system, root cap-derived cells
and their secretions form a cloudy network of “sticky” mucilage between the soil
and the roots, composed of cells and defense-related compounds released into the
surrounding soil environment and, consist mainly of glycan-containing molecules
(i.e., proteoglycans and polysaccharides), antimicrobial compounds including pro-
teins, peptides and secondary metabolites, histones, and extracellular DNA (Hawes
et al. 2016; Ropitaux et al. 2019; Driouich et al. 2019), regulating interactions and
relations of the plant with rhizosphere microorganisms.

All these architectural structure in the soil controls the interactions between
plants, microbes, and also pollutants. This is why understanding the interactions
between the soil matrix and nanopesticides will be so important.
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2.2  Microbiome vs Microbiota

There is some confusion and quite a controversy in the use of these two words, sup-
ported by the semantic analysis of the word stem as “microbiome” or “micro-
biome” (Lederberg and McCray 2001). According to the author of that word,
“microbiome” refers to “the ecological community of commensal, symbiotic, and
pathogenic microorganisms that literally share our body space and have been all but
ignored as determinants of health and disease” (Lederberg and McCray 2001).
However, this definition overlaps with that of the microbiota, quite equivalent to the
microflora in the gut, defined as the microbial communities that inhabit our gastro-
intestinal tract. In the dynamic trend of omes and omics, microbiomes could tend to
define a population of microorganisms and their genetic potential while microbiota
defines the collection of microbes. The composition of a microbial community as
described by high throughput sequencing approaches (see the next paragraph) refers
to a microbiome, while a fecal microorganism transplantation refers to a microbiota.

2.3 How to Analyze the Impacts of Nanopesticides
on Soil Microbiota

2.3.1 Microbiome Analysis

Microbiome analysis relies on metagenomics and more generally omics (transcrip-
tomics, proteomics, and metabolomics), which allow microorganisms to be studied
in their environment without the need for a culture step. Microbial communities can
be characterized by their composition (who is there), abundances (how many of
them?), their activities, e.g., RNA, proteins, and metabolites (what are they doing).

One approach to characterize microbiome is amplicon sequencing or “DNA
metabarcoding.” DNA metabarcoding is based on high throughput sequencing of
amplicons of taxonomic markers, such as ribosomal RNA genes (16S rRNA for
bacteria and archaea, 18s RNA for eucaryota) or Internal Transcribed Spacer (ITS,
for fungi), as universal barcode sequences of the microorganism identity (Caporaso
et al. 2011; Shokralla et al. 2012). 16S rRNA and 18S rRNA genes code ribosomal
RNA, a non-coding RNA (not translated to protein) that is part of the small subunit
of the ribosome, responsible for the translation of messenger RNAs (mRNAs) into
proteins. These genes are not submitted to lateral gene transfer, and contained con-
served and variable regions termed V1-VO.

This allows to analyze the composition and the abundance of taxa, which are
groups of closely related organisms, using a sequence similarity criterion. A deeper
investigation of microbiomes can be reached by metagenomics, which analyzes the
whole set of genes present, leading to the composition, but also to the whole set of
functions potentially displayed by the microbiome.
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How to interpret changes in the abundance of specific taxa, drifts in microbial
community profiles or potential alteration in microbial functions? Hugerth and
Andersson (2017) provide a comprehensive analysis of how sequencing data are
obtained and processed for microbial community analysis.

Next-generation-sequencing data are usually interpreted in terms of alpha- and
betadiversity. Alphadiversity will refer to the diversity within a single type of sam-
ple based on replicates (Whittaker 1960). This diversity is characterized by an esti-
mation of the richness (number of sequence, Chao 1 estimator) or as richness and
evenness (e.g., the Shannon diversity index). Evenness corresponds to the regularity
of the presence of a taxon in a community. Apart from the fact that it is difficult to
correctly estimate alphadiversity, the interpretation of this data is hampered by the
preconceived idea that higher diversity is better. The temptation to conclude to
drama is great when comparing the richness of a control sample to that of a treat-
ment. Shade (2017) advises to consider these data as a starting point for further
inquiry of ecological mechanisms rather than an “answer” to community outcomes.

Betadiversity measures the extent to which two samples are different. For this
purpose, different tools based on metrics allow to measure the distance between
microbiomes, based on OTU (operational taxonomic unit) abundance and/or on
phylogenetic distance. Changes in defined taxa and shifts in community profiles can
be detected. However, it is difficult to interpret the meaning and consequences of
these changes on soil functioning. The role and importance of taxa in an ecosystem
are not always related to their abundance. As example, rare microorganisms with an
abundance less than 0.1%, could act as a reservoir to rapidly respond to environ-
mental changes and contribute to community stability (Shade et al. 2014). Moreover,
inferring functional role of a microbial community based on 16S rRNA partial gene
sequence is unsatisfactory.

Beyond diversity patterns, interaction networks of ecological or functional asso-
ciations between taxa are essential drivers of ecological community structure and
dynamics. Keystone microbes are those whose interactions cascade through the
community (Berry and Widder 2014). Some highly connected keystone taxa can be
good predictors of whole-community compositional change under environmental
disturbance (Herren and McMahon 2018).

2.3.2 Microbial Enzymatic Activities

The interaction between soil and pesticides may result in altered biochemical pro-
cesses driven by microorganisms. Soil contain many enzymes, as free, immobilized,
and extracellular or intracellular entities. Soil enzyme activities are soil quality indi-
cators, playing many roles in nutrient element cycling and organic matter decompo-
sition (Garcia-Ruiz et al. 2008; Karaca et al. 2011). Thus, soil enzyme activities are
good biological responses to analyze the soil response to a stress such as pesticides.

Soil enzymes have a crucial role in element cycling such as C cycle (glycosyl
hydrolases, oxidases, and peroxidases), N cycle (proteases, peptidases, urease, and
chitinase), P cycle (phosphatases), and S cycle (arylsulfatase). Dehydrogenase are
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intracellular enzymes found in all living organisms that are involve in energy trans-
fer in microbial metabolic reactions and biological oxidation of soil organic matter.
They are widely used as an indicator of overall soil microbial activity (Wolifska
et al. 2015).

3 Impact of Nanopesticides on Non-target Soil
Microorganisms and Microbiomes

Most of nanopesticides are systemic and are intended to be active inside the plant.
However, as nanopesticides are disseminated in the environment, soil microbiota
and microfauna, and plants become non-target organisms, and exposed to the
impacts of these bioactive molecules.

Regarding nanopesticides impact, the standpoint of non-target organisms is still
not already set in the literature. A Web of Science (WOS) bibliometric analysis
(October 2019) of (nanopesticidesx AND non-target) yields 23 references.

As non-target organisms, plant or microbes are not viewed with the same impor-
tance. The search for keywords nanopesticidesx AND soilx AND microbs in WOS
(October 2019) returned 12 references while (nanopesticidesx AND plants) yielded
106 references. The importance of soil microorganisms for ecosystem functioning
remains greatly underestimated.

The chapter will focus on microbiome and microbiota as non-target organisms of
nanopesticides.

Different types of pesticides have been formulated as nanopesticides, including
nanoformulations of conventional pesticides or nanomaterials as pesticides, many
of them being metallic and metal oxide nanoparticles.

3.1 Nanopesticides Based on Metal and Metal
Oxide Nanoparticles

3.1.1 Copper

The impacts of metal and metal oxide nanoparticles, on the microbiome of the soil
and rhizosphere, have been widely studied, mainly with the envision of environ-
mental pollution effects (Anjum et al. 2013; Simonin and Richaume 2015; Tian
et al. 2019; Rajput et al. 2020). Among the most investigated in toxicity studies,
nanoparticles based on TiO,, Ag, ZnO, Cu, and Fe rule the ranking.

Currently, two types of nanomaterials have resulted in nanoenabled commercial
agrochemicals, available on the market: copper nanoparticles as fungicides to con-
trol diseases on fruit tree, vegetables, and crops, and colloidal silver to treat fungal
pathogens on seeds, tubers, and vegetative plants (He et al. 2019).
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We will focus on reports of the impacts of Cu- and Ag-based nanomaterials on
soil microbial communities, especially those for which the doses tested were com-
patible with applications in agriculture, as nanofertilizers or nanopesticides.

Copper is both an essential nutrient for living organisms as plants and microor-
ganisms, and a renowned biocide since ages. Some copper-based pesticides are cur-
rently authorized in organic farming as fungicides and bactericides on grapes, trees,
and fruits. Initially used as lime neutralized copper sulfate in the Bordeaux mixture
to cure grapes infected with downy mildew (Millardet et al. 1933), copper-based
pesticides can exist as copper hydroxide, cuprous oxide, copper oxychloride, cop-
per ammonium carbonate, and copper octanoate. Indeed, as the solubility of copper
sulfate favors phytotoxicity and decreases the persistence on the plant/tree leaves
and fruits, and fungicide activity, less soluble forms known as fixed-coppers have
been developed (e.g., copper hydroxide, copper oxychloride, basic copper sulfate
cuprous oxide, etc.). These fixed-coppers are particles whose size determines cover-
age and adherence to plant leaves, and release of copper ions. Initially marketed as
micronized particles, copper nanosized particles have rapidly been developed and
commercialized to improve the coverage of the plant fruits or leaves, and to control
the release of Cu ions. Currently, at least two nanosized copper formulations are
available: Kocide® 3000 (DuPont) and NANOCU (Bio Nano Technology) (He
et al. 2019).

(Simonin et al. 2018a) assessed the impact of nanosized bare CuO (~50 nm,
specific surface area 23 m?> g=!, 0.1, 1, and 100 mg kg! dry soil) vs Cu ions (CuSO,)
in five agricultural soils with contrasting properties (pH between 6.4 and 8.21), to
take into account soil biological complexity and physico-chemical diversity. Soil
moisture was adjusted to the water holding capacity specific to each soil, and soil
microcosms were incubated in the dark at 28 °C, over 90 days. At the highest con-
centration (100 mg kg=" dry soil), in the five soils tested, CuONPs cause significant
reductions that worsen over time, on soil microbial activities involved in carbon and
nitrogen cycles, respiration, nitrification, and denitrification. Lowest doses show
limited effects, mostly at 90 days, with decreases of respiration in the sandy-loam
soil from 1 mg kg~!, and in denitrification at 1 mg kg=! in the loamy soil. Globally,
denitrification is the most sensitive microbial activity to CuONPs in most soil types,
while soil respiration and nitrification are mainly impacted in coarse soils. CuONPs
and ionic Cu show distinct impact on soil microbial activities, likely explained by
the low dissolution of CuONPs, less than 2% in soil solution, over time. Thus at low
and agricultural-relevant concentrations, CuONPs have limited effects on soil
microbial activities involved in carbon and N cycles. Occasionally, coarse soil tex-
ture with low organic matter or clays contents are more likely to be affected.

In this type of soil (loamy soil with low clay content), potentially more sensitive,
enhanced with CuONPs (1 and 100 mg kg=!), Simonin et al. (2018a) grew winter
wheat (Triticum aestivum) over 50 days in climatic chambers. The plant exudates
stimulate heterotrophic microbial activities as microbial respiration and denitrifica-
tion. However, this does not counterbalance or even worsen (e.g., 1 mg kg~! CuONPs
for microbial respiration) the effects of CuONPs on these enzymatic activities. Thus
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the plant influences the microbial response to CuONPs exposure but does not miti-
gate the negative effects of CuONPs.

VandeVoort and Arai (2012) confirmed the toxicity of Cu-based NPs to nitrifiers
and the very different behavior between CuONPs and Cu?* ions in terms of Cu?*
release, adsorption, and impact on nitrification in batch nitrification kinetic
experiments.

Asadishad et al. (2018) investigated the impact of nanosized CuO and Cu ions on
soil enzyme activity and microbial community composition of a biosolid-amended
agricultural soil, over 30 days. Surface soil (pH 6.7) was sampled from an agricul-
tural site at the Macdonald campus of McGill University (most likely sandy loams,
loamy sands or clay soils based on Collaborative Geographic Information Systems,
Authors’ note) amended with a biosolid from a waste water treatment plant, was
enhanced with bare CuONPs (40 nm) at 1, 10, and 100 mg total CuNPs kg~! soil. In
soil solution, CuONPs dissolution occurs within the first 2 h (70%) and remains
stable up to 30 days, likely because of soil dissolved organic matter binding to reac-
tive sites on the NP surface.

The activities of five soil extracellular microbial enzymes involved in C, N, and
P nutrient cycling were measured in the soil amended with biosolids and exposed to
bare CuONPs or Cu ions at 2 h, and 30 days after treatment with the NPs suspen-
sions or ionic solutions. After some transient inhibitory at 2 h, no significant enzyme
inhibition is observed for the soil-biosolids slurry exposed to CuONPs after 30 days.
CuONPs and Cu?* show similar effects on soil enzyme activities at short term but
CuONPs tends to stimulate some enzyme activity at longer exposure time, suggest-
ing a specific nanoeffect. Over 70% of the CuONPs was dissolved at 2 h, and this
dissolution increased to 77% in 30 days suggesting that most of the CuONPs ended
up as Cu?* or Cu organic complexes explaining their similar trends for some of the
enzymes. The initial decrease in enzyme activity observed at 2 h may be linked to
the antimicrobial activity of Cu** and CuONPs. Nonetheless, these data shows that
the activity of the five extracellular soil enzymes generally recovers after 30 days of
exposure to CuONPs.

Kocide® 3000 (Dupont) is fungicide/bactericide based on copper hydroxide,
approved by the US EPA for citrus, conifers, field crops, small fruits, tree crops,
vegetables, vines, and some other fruits. Kocide® 3000 contains micronized parti-
cles made from nanosheets of Cu(OH), embedded in a carbon-based matrix that
promptly dissociates in water (Adeleye et al. 2014).

Simonin et al. (2018b) designed outdoor terrestrial mesocosms with a sandy-
clay-loam soil (57.7% sand, 20.5% clay, 21.9% silt, 4% organic matter, pH = 5.8)
seeded with seven forage crops composed of forbs, graminoids, and legumes as
representatives of the three main plant functional groups. To assess the environmen-
tal impacts of sequential applications under low-input or conventional farming sce-
narios, the nanopesticide was applied alongside three different mineral fertilization
levels (Ambient, Low, and High). The foliage of forage was sprayed with the
Kocide® 3000 suspension (6.68 mg L=! in water, 30 mg m~2, at Day 0, 75, and 155,
and 15 days before each subsequent plant harvest). The mean particle size was
38.7 £ 8.2 nm (TEM) and an average hydrodynamic diameter of 120 + 30 nm in the
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dosing water with a secondary peak with particles size greater than 700 nm (Simonin
et al. 2018c). The authors monitored enzymatic activities involved in C, N, P, and S
cycling, soil N, fixation rates (conversion of molecular N, in the air to ammonia or
nitrogenous compounds available to the plant) and mycorrhizal colonization of
plant roots, over a year. The authors report no detrimental effects on the forage bio-
mass and mycorrhizal association with plant roots. However, they evidence a dual,
beneficial or negative, interactive effects between nanopesticide and fertilization
treatments on extracellular microbial enzymatic activities. In the Ambient fertiliza-
tion, Kocide® 3000 applications transiently inhibited enzyme activities at short term
(15 days) and decreased P and C cycling at long term (6 months after the last
Kocide® 3000 applications), while positive effects on plant biomass and enzyme
activities occurred in the high fertilization treatment. In Ambient fertilization, the
authors hypothesize that at short term, nutrient limitation combined to the copper
biocide activity could decrease the ability of microbial community to cope with the
stress. At long term, the decrease of enzymatic activities could be related to
responses to Kocide® 3000 driven by seasonal effects and low water availability.

At long term, Kocide® 3000 treatment stimulated or unaffected enzyme activities
in the Ambient and high fertilizations. This could arise from the adaptation of the
microbial community to Cu, with the selection of Cu-tolerant species, and the
depletion of resources in soil, with a nutritional effect of Kocide® 3000 and con-
tained micronutrients.

The authors conclude on limited or positive effects of repeated Kocide® 3000
applications on forage production and soil microbial processes in conventional
farming with high fertilization rates, but they warn about detrimental effects on
microbially mediated soil processes involved in C and P cycling and on forage pro-
duction in the context of lower-intensity fertilization (e.g., organic farming). This
study of the impact of Cu-based nanopesticide on the microbial compartment is
certainly the most complete, examining the impact of sequential applications over a
growing season in an outdoor mesocosm. However, it would be interesting to verify
the last conclusions in soils under organic farm, using fertilizers suited for this mode
of cultivation. Here the soil was supplemented with an inorganic fertilizer, while in
organic farming, fertilizers are usually derived from animal and vegetable matters
or agricultural practices.

Zhang et al. (2019) applied a commercial Cu(OH), nanopesticide formulation,
the active ingredient of this formulation, the synthesized Cu(OH), nanotubes with
comparable morphology to the active ingredient, and CuSO, to a silty soil (pH 8.17,
organic content 3.4%) at 0.5, 5 and 50 mg kg~!, followed by an application of neo-
nicotinoid thiacloprid, an insecticide, after an interval of 21 d. The overall pattern of
soil bacterial community composition shows that Cu(OH), nanopesticides at
50 mg kg~! significantly decreased the alpha-diversity of bacteria in soil and drasti-
cally altered the community composition. The relative abundance of Gemmatimonas
decreased by ~30% in soil with Cu(OH), nanopesticides 50 mg kg=" as compared to
control. Their relative abundance showed a significant positive correlation (r = 0.89,
p <0.05) with the degradation rate constant of thiacloprid. The Cu(OH), nanopesti-
cides reduced nitrile hydratase activity and downregulated thiacloprid-degradative
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nth gene abundance that contributes to the mitigation of thiacloprid degradation.
The authors suggest to reconsider the use of nanopesticides based on Cu(OH),.
However, in this study, the authors used a concentration of Cu(OH), that is tenfold
the recommended dose of this nanopesticide (5 mg kg='). Moreover, the Cu applied
(50 mg kg™!) was high as compared to the Cu background (4.1 mg kg=!), while in
Simonin et al. (2018b) the Cu amount applied to the mesocosms (5.43 mg/meso-
cosm containing 81 kg of soil) was much lower than the background concentration
(90.5 mg kg™'). The presence of background Cu in soils may select tolerant com-
munities, which would be less affected by the additional addition of Cu.

Assessing how CuNPs may interact with pollutants and pesticides in soil, Parada
et al. (2019) incubated CuNPs (40-60 nm) at 0.05 and 0.15% w/w and ATZ
(3 mg kg™") in an Andisol (a soil rich in organic matter) for 30 days. Microbial com-
munity profiles assessed by PCR-Denaturing Gradient Gel Electrophoresis (PCR-
DGGE) on bacteria, fungi, and nitrifying bacteria, remained relatively stable
throughout the experiment. However, CuNPs at 0.15% w/w caused a significant
decrease in ATZ dissipations showing an increase in the persistence of ATZ in soil.
This persistence was mostly associated to physical-chemical interaction with soil
particles.

Paddy soils are typical soils agricultural soils in China, and are under periodical
flood—dry water management, constantly changing redox potential in the soil envi-
ronment. Shi et al. (2018) exposed two paddy soils (organic content 4.1 and 8.01%)
to CuONPs (hydrodynamic diameter in water 240.0 nm) and CuO bulk particles
(BP, average particles size of 1346 nm) at 10, 100, and 1000 mg kg=! for CuONPs
and 1000 mg kg™' for CuOBPs. The authors show differentiated behavior between
NPs and BPs in paddy soils and a role for the organic matter. Microbial available Cu
was higher for CuONPs than for CuOBPs. In the low organic matter soil, CuONPs
changed the soil properties by increasing the pH and Eh, accelerated the degrada-
tion or mineralization of the organic matter, as well as the Fe reduction process, by
increasing the Fe(Il) content by 293% after flooding for 60 days. The microbial
biomass carbon in both soils was severely inhibited by CuONPs and to a minor
extent by BPs at 100 mg kg~'. The organic matter could partly mitigate the negative
effects of CuONPs.

For a complete review of copper-based nanoparticles implication on terrestrial
and aquatic environment, see Rajput et al. (2020).

3.1.2 Silver

Silver is known as a biocide since ages. Silver-based nanopesticides show antimi-
crobial/biocidal properties against a broad of classes of microorganisms, e.g., bac-
teria, fungi, and virus (Durdn et al. 2016).

Some silver-based nanopesticides are already patented and commercial in the
technology of plant protection, the processing of seed material, and the enhance-
ment of plant development. Some examples are WA-CV-WA13B, WA-AT-WB13R,
and WA-PR-WBI13R (Bio-Plus Co.Ltd., Pohang, Korea), and Zerebra® agro,
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Zeroxxee®, Silver leaf, Zeromix® (AgroKhimProm Group, Russia and
Commonwealth of Independent States, Grand Harvest Research Innovation
Company). Even if these nanopesticides are claimed to effectively inhibit phyto-
pathogen diseases in a broad set of plants, to strengthen the plant immune system,
and to reduce stress reduction (Jung et al. 2010; Parada et al. 2019), most of the
published knowledge on the impact of silver-based nanopesticides on non-target
microbes and microbiomes originates from studies on the environmental impact
of AgNPs.

Hund-Rinke et al. (2019) amended a loamy, acidic sand (73% sand, 22% silt and
5% clay; pH 5.6, low organic matter content, 1.1%) with biosolids and AgNPs
(NM-300K dispersed in a mixture of a stabilizing agents, particle size of ~ 15 nm,
99%) to achieve a target concentration of 0.19-15 mg kg™' soil. Soil samples
amended with biosolids and AgNPs or standard ionic solutions were kept static in
the dark at 22 °C for up to 30 days. The impact of AgNPs was assessed by soil res-
piration (Micro-Resp test), exoenzyme activity, potential ammonium oxidation
(PAO) test, and next-generation sequencing to survey bacterial diversity by sequenc-
ing the 16S rRNA gene. The four tests showed similar sensitivity towards the silver
nanomaterial, with significant effects at AgNPs concentrations from at least
1.67 mg kg~'. The authors evidenced no differences in the Shannon index or even-
ness as indicators of alphadiversity. However, next generation sequencing evidenced
a different sensitivity of bacterial orders, and shift in the microbial community, with
an enrichment of Proteobacteria (Caulobacterales, Burkholderiales, and
Xanthomonadales), Cytophagales, and Sphingobacteriales. The adverse impact on
some nitrifiers (Nitrosomonadales) matched the inhibition of PAO activity.

Examining the long-term effect of these AgNPs (140 days) on ammonium oxi-
dizing bacteria (AOB), Schlich et al. (2018) incubated AgNPs (NM-300K, diame-
ter~15 nm, and a small proportion at ~95 nm) and AgNO; added to a sandy loam
soil (pH 5.61, 0.93% organic content) at 0.56, 1.67, and 5 mg kg~ dry matter soil.
At 1.67 and 5 mg kg=! AgNPs, they show a relative inhibition of AOB starting from
day 14, which increases up to 140 days, while inhibition occurs from day one and
increases over time, even at the lowest dose (0.56 mg kg™!) in the case of silver
ionic form.

Vitali et al. (2019) analyzed the effects of AgNPs on the phyllosphere and rhizo-
sphere associated microbiota of a black poplar tree. Nanopowder, amorphous-
carbon-coated with Ag nanoparticles (1 mg L', average particle size ~25 nm,
specific surface area 23 m? g~!, dispersed in water with a soap surfactant) were
chronically supplied at leaf and root level of three-year-old poplar trees (3 m, 15 L
pots filled with soil fertilizer mixture) over 10 weeks (4 weeks with single supply
followed by 6 weeks with twice supply). The final concentration exposure of plants
to AgNPs was 16 mg L' (volume not indicated) in both leaf and root treatments
(surface of the pot estimated to 615 cm?, Authors’ note). The soil was protected dur-
ing foliar exposure, and no fertilizer was added during the time of the experiment.
The author used next generation sequencing of the V3—V4 region of 16S rRNA and
the ITS 1 region to analyze the bacterial and fungal microbiomes, respectively. Leaf
AgNPs treatment increased bacteria and fungi evenness and determined a
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significant reduction in both microbial groups, while root AgNPs treatment reduced
the bacterial and fungal biodiversity. Bioinformatics functional analysis showed
that AgNPs treatment reduced the aerobic and stimulated facultative anaerobic and
oxidative stress-tolerant bacteria. However, in this study, the AgNPs treatments
mimicked a polluted environment and not an agricultural treatment with Ag
nanopesticide. As example, Ag concentration in Zerebra® Agro, a commercial sil-
ver-based nanopesticide, is 0.5 g L' and the recommended dose for plant treatment
is 0.1 L t™' in seed, and 0.1 L ha™! (50 mg ha™!) for application in vegetation period
on agricultural crops from 1 to 3 times, instead of 20 g ha™! in Vitali et al. (2019)
study (assuming at least 100 ml were used).

Asadishad et al. (2018) investigated the impact of AgNPs (50 nm citrate-coated
AgNPs) and their dissolved ions on soil enzyme activity and microbial community
composition of a biosolid-amended agricultural soil. Surface soil (~35 cm depth,
pH 6.7) was collected at the Macdonald campus of McGill University amended with
a biosolid from a municipal wastewater treatment plant (soil/biosolid weight ratio
50/1). AgNPs were added at 1, 10, and 100 mg total AgNP kg~ soil. Dissolution
occurred within the first 2 h and remained stable up to 30 days. At short term (2 h),
AgNs showed no effect at 1 and 10 mg kg~! extracellular enzymatic activities impli-
cated in P, C, and N cycling. At 100 mg kg=!, AgNPs moderately impacted these
enzymatic activities as compared to Ag*, likely because only 37% of the AgNPs was
dissolved at 2 h. The microbial community of the soil was analyzed by 16S rRNA
gene amplicon sequencing after 2 h and 30 days of exposure. The relative abun-
dance of the Gammaproteobacteria class was significantly higher for Ag* ions and
AgNPs at 100 mg kg™! soil than in all other treatments. The Alphaproteobacteria
community responded differently to dissolved Ag and AgNPs, with a decrease in
the relative abundance Ag* 100 mg kg™' soil.

Also focusing on long-term experiments, Griin et al. (2018, 2019) incubated at
15 £ 4.5 °C over a period of one year, AgNPs, (BAM-NO0O1 AgPure) with concen-
trations ranging from 0.01 to 1 mg AgNPs kg~! soil from an arable field cultivated
with wheat. The soil was classified as a loamy soil (pH 7.1 in CaCl,, clay content of
17-30%, total organic content 2.8%). The toxicity of AgNPs to the microbiota was
indicative of the time-dependent reactivity in the complex physicochemical soil sys-
tem. Over time, AgNPs (0.01 mg kg=!) have short-term (1 day and 1 week) stimula-
tory effects on Acidobacteria, Actinobacteria, and Bacteroidetes. After 1 month,
Actinobateria are negatively impacted. The relative abundance of beta-
Proteobacteria is decreased from the first day of incubation until to the end of the
experiment (1 year). On the average, for the three concentrations tested, the negative
effects were the highest for beta-Proteobacteria and Bacteroidetes. Actinobacteria
and alpha-Proteobacteria were statistically unaffected by AgNPs treatments after
1-year exposure.

Globally, the author report fluctuations of positive and negative effects over time
with a strong toxicity event at 90 days and a decline of silver toxicity on some bacte-
rial phyla at day 28, 180, and 365 at the different concentrations tested. These trends
are likely explained by potential transformations such as changes in aggregation and
oxidation state, dissolution, sulfidation, sorption of inorganic and organic species



Interactions of Nanoenabled Agrochemicals with Soil Microbiome 151

that result in a transient pattern of dissolution or stability of AgNPs. In response to
these events, the bacterial community showed transient resistance and resilience
mechanisms.

Griin et al. (2018) show that one year of exposure to 0.01 mg AgNPs kg~!, nega-
tively impacted the microbial soil community involved in nitrogen, with a decrease
in the abundance of AOB (amoA gene copy numbers), the leucine aminopeptidase
activity (N substrate turnover), and the abundance of nitrogen fixing microorgan-
isms (nifH gene copy numbers).

Guilger et al. (2017) biogenically synthesized silver nanoparticles using the fun-
gus Trichoderma harzianum. The AgNPs (spherical nanoparticles size distribution
between 20 and 30 nm by scanning electron microscopy, 0.15 x 10" and
0.31 x 102 NPs mL~") were incubated 0.15 x 10'> and 0.31 x 10> NPs mL~" in an
agricultural soil (pH 6.8, 14% organic content) at 25 °C for 6 months. The authors
quantitatively followed overtime the distribution and abundance of several genes
involved in the nitrogen cycle (Fig. 2): nifH (nitrogen fixation), amoA (nitrification),
nirK, nirS, and narG (first stage of denitrification), and cmorB and nosZ (second
stage of denitrification).

Over time, the authors evidence a sequential modulation of the abundance of
bacteria and genes involved in N cycle in the samples exposed to the biogenic
AgNPs. During the first 30 days, a higher increase in the abundance of bacteria in
the samples exposed to AgNPs than in the control sample is observed, but the distri-
bution of genes stay comparable. Over time, this increase in the abundance of bac-
teria still happens, which could traduce a stimulation of bacteria involved in N cycle
in the samples exposed to biogenic AgNPs. At 90 days, differences do occur in the
distribution of genes, with decreases in the bacteria producing nitrate reductases
(narG) that persists up to 180 days, and reduction nitrogenase reductase enzymes
(nifH) and oscillations in the proportions of nifH and up to 180 days. Bacteria that
presented the cmorB nitrate reductase genes increased up to 90 days post-exposure
and decreased after this period, while the bacteria that presented the nitrous oxide
reductase gene (nosZ) oscillated in the opposite way, increasing for the first two
periods and decreasing for the last two periods (90 and 180 days). The coating of the
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nanoparticles may have retarded the release of Ag*, which could explain possessed
a coating, which could have delayed the release of Ag* and explain the latency phase
observed in the changes in abundance of bacteria and genes involved in the nitrogen
cycle. Thus the impact of the biogenic AgNPs tends to show a stimulation of bacte-
ria involved in N cycle together with some cycles of impact and recovery of the
community.

VandeVoort et al. (2014) incubated AgNPs (PVP coated 50 nm and 15 nm) at 1,
10, and 100 mg L' in a Toccoa soil (AgNPs display near 100% sorption onto
Toccoa soil surfaces at all concentrations used for the denitrification experiments).
PVP coated 50 nm AgNPs did not show significant differences in NO; depletion rate
from the control condition at any concentration, while the smallest PVP coated
15 nm AgNPs showed the greatest differences from the control condition in the
reaction rate and a concentration dependent inhibition. At 1 mg L™' the depletion
rate was not significantly different than that of the control, and it took 68 h to achieve
90% NOj; depletion, while at 10 mg L' and 100 mg L' it took 111 h and 194 h,
respectively. The dissolution of 15 nm AgNPs was an order of magnitude greater
than the larger AgNPs and they displayed a better colloidal stability. Phase transfor-
mation readily occurred in 15 nm AgNPs as ~ 75% of Ag(0) speciation in pAgl5
was changed to Ag,S and Ag(I) sorbed humic acid during the incubation period. The
Ag speciation changed to a much lesser extent 50 nm AgNPs. These results show
designing the NPs characteristics and the dose, denitrification can be unaffected
by AgNPs.

AgNPs can undergo phase transformation in the aquatic environment and in soil,
especially sulfidation (Hashimoto et al. 2017). Judy et al. (2015) investigated the
impact of AgNPs, focusing on different Ag speciation and NPs coating. They
exposed a biosolids-amended sandy loam soil (pH 6.8) to 1, 10, or 100 mg Ag,S
NPs, polyvinylpyrrolidone (PVP) coated AgNPs and Ag*. The soil mixture was
inoculated with a commercial inoculum or an arbuscular mycorrhizal fungi (AMF),
prior to sewing tomato seeds (Solanum lycopersicum). The authors monitored the
colonization of tomato roots by the fungi, the microbial community structure in
biosolids-amended soil, and ammonium nitrate extractable Ag concentrations.
Except for three treatments (100 mg kg™' for Ag-PVP NPs and Ag* and 10 mg kg™!
for AgS NPs), mycorrhizal colonization of tomato roots for all Ag treatments at
1 mg kg~ and 10 mg kg™ was not significantly different compared to the control.
The microbial community was affected even at 1 mg kg~' for Ag-PVP NPs and Ag*,
and Ag,S NPs with an impact on fungi and bacteria, among them Actinomycetes.

The overuse of antibiotics in medical treatment and animal fodder have gener-
ated the occurrence and dissemination of antibiotic resistance genes (ARGs) in the
environment (Allen et al. 2010; Marshall and Levy 2011). The primary mechanism
of ARGs dissemination is horizontal gene transfer (HGT) between cells. At environ-
mentally relevant and sub-lethal concentrations, AgNPs and ionic silver Ag* can
facilitate the conjugative transfer of plasmid-borne ARGs across bacterial genera
(Lu et al. 2020). Moreover, heavy metal and biocides can also promote the prolifera-
tion of ARGs via co-selection (Seiler and Berendonk 2012; Zhu et al. 2013; Baker
et al. 2017). This prompted to investigate the potential ecological risks of
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environmental levels of AgNPs as an abiotic pressure to co-select antibiotic resis-
tance genes (ARGs) or promote plasmid transfer between bacteria by horizontal
transfers. Chen et al. (2019) used high throughput quantitative PCR to analyze the
effect of AgNPs (100 ppm) on the co-selection pressure of ARGs in the rhizosphere
and phyllosphere of 3 months aged Coriandrum sativum L. growing on a soil (pH
6.69) containing Cr, Cu, Zn, and Pb, and exposed to (~20 nm and ~50 nm) AgNPs.
The exposure to AgNPs did not induce any significant increases in the total abun-
dance of ARGs in either the rhizosphere or phyllosphere. However, the overall pat-
tern of resistome was shifted following AgNPs application, with a significance
increase in the relative abundance of efflux pumps genes, which is an important
mechanism for co-selection of antibiotic resistance genes by heavy metals.

3.1.3 Others Nanopesticides Based on Inorganic Nanomaterials

Other nanopesticides are envisaged, based on nanomaterials of TiO,, ZnO, CeO,, Si
NPs and even carbon nanotubes. For reviews on environmental impacts on micro-
biota of these NPs see Liné et al. (2017) and Tian et al. (2019).

3.1.4 Tentative Conclusion on Ag- and Cu-Based NPs in Agriculture

Altogether these data could tend to underline that Cu- and AgNPs can drastically
shift the composition of microbial communities, and alter the activities of extracel-
lular enzymes involved in element cycling. However, except one (Simonin et al.
2018b), many of these studies were dedicated to environmental impact of NPs and
not to evaluate the impact of Cu- and Ag-based nanopesticides on off-target soil
microbiota. At agronomical relevant concentrations and use, Kocide® 3000
(Cu(OH),) and CuONPs (0.1 mg kg~!, (Simonin et al. 2018a; Simonin et al. 2018b)
showed limited effects on soil microbial activities involved in carbon and nitro-
gen cycles.

For AgNPs, based on commercial AgNPs nanopesticides as Zerebra Agro®
(Patent of the Russian Federation 2,419,439 as of 27.05.2011), the concentration
targeted for agronomical applications is estimated to 0.2 mg kg™' (assuming a dis-
persion of AgNPs on a bulk soil density of 1.2 mg cm~3, and a soil depth of 20 cm).
At concentration close to this operational concentration, Griin et al. (2018, 2019)
evidenced some long-term impact on proteobacteria and bacteria involved in N
cycle. Note that AgNPs used in this study are AgPure®, which are designed for the
antimicrobial functionalization of surfaces and bulk materials. Zerebra Agro® is
composed of silver NPs modified with polyhexamethylene biguanidine, a polymer
also endowed with biocide properties.

The behavior and fate of Cu- and AgNPs in soil depend on variables inherent to
the NPs, e.g., particle size, surface charge, isoelectric point (pH at which the NPs
carry not net electrical charge) and extrinsically related to the properties of the com-
plex soil matrix. The shape of nanoparticles is a big player in governing the
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dissolution, and the interactions with cells. The properties of AgNPs, and NPs in
general, can differentially affect the composition and functions of microbial com-
munities depending on the level of exposure (Zhai et al. 2016).

Globally, the NPs can experience dissolution, transformation (oxidation and
reduction), aggregation with soil colloids, adsorption especially on clays, (for a
review, see Anjum et al. (2013) and reference inside). Important parameter that con-
trol the fate of Ag and Cu-based NPs, are the soil texture, clays are key players in
the retention of NPs (Cornelis et al. 2014), pH, organic content, divalent cations,
etc. High soil pH value increase the number of negatively charged sites and enhance
Ag-sorption, while low pH tends to promote the dissolution of AgNPs. As shown by
Schlich and Hund-Rinke (2015) in a variety of soils, AgNPs toxicity towards micro-
bial activities such as substrate-induced respiration and to ammonia oxidizing bac-
teria declined with increasing clay content and increasing pH. Simonin et al. (2018a)
also conclude on the same line about occasional impacts of CuONPs at agricultural
relevant concentration, on coarse soil texture with low organic matter or clays con-
tents. For the record, acidic soils occupy approximately 30% of the world’s ice free
land area but only about 4.5% of the acid soil area is used for arable crops (von
Uexkiill and Mutert 1995). The use of acidic soil can favors the dissolution of Cu-
and AgNPs with the release of free ions, that can enhance the short-term impact of
the nanos. In many studies commented in this chapter, the soils used were acid, and
contained low clay contents, which make them worse case studies.

An interesting result from the literature is that the ionic or nanoform of the pes-
ticide can show differentiated impacts, likely related to the fraction of ions released
(e.g., Asadishad et al. 2018). Some authors already pointed that ionic and nano-
forms of a metal may show similarities and differences, in the mode of antibacterial
activity (Kedziora et al. 2018) or in the impact on a microbial community extracted
from a soil and exposed in vitro to AgNPs (Zhai et al. 2016).

In long-term studies, the toxicity of NPs is kinetic and seems related to dissolu-
tion or transformation events in the soil, that lead to transient adjustment and adap-
tation of the microbial community. As evidenced by VandeVoort et al. (2014), tuning
the surface properties of NPs could help to control the dissolution and phase
changes, and likely to reduce the toxicity towards microbial cells.

As shown by Guilger et al. (2017), promising direction probably relies on bio-
genic nanoparticles, that show minimal impact on human cells, and denitrification,
but strong activity toward a set of plant pathogenic fungi.

Among microbial activities that may be affected by NPs, denitrification ranks
first. At a microscale level, soil structural organization provides diverse niches that
are favorable to bacteria with different needs (aerobic or anaerobic) and lifestyle.
Examining the localization on denitrifiers in soils, Lensi et al. (1995) showed that
the <2 pm fractions contains a moderate density of denitrifiers, with high specific
activity while the 20-2 pm fraction contained microaggregates and exhibited the
highest microbial biomass C and organic N content and a high density of denitrifi-
ers, with a moderate specific denitrifying activity. The main factors positively influ-
encing denitrification are the absence of oxygen, the availability of nitrate and
carbon (source of electrons) (Zumft 1997). Denitrifiers are also sensitive to pH
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(SImek and Cooper 2002), and hydric conditions (Szukics et al. 2010). Denitrification
is favored at lower soil redox potential values, which in turn is related to soil texture
(Kunickis et al. 2010). Sandy textured soils generally show redox values too high
for denitrification, while clayey textured soils provided lower redox values that
were within the range for this biological transformation. VandeVoort and Arai
(2012) related negative impacts on denitrification to the silver nanoparticle affinity
for soil surfaces and to the physicochemical properties e.g., size, coating, sedimen-
tation rate, solubility, surface charge properties, dispersibility (VandeVoort et al.
2014), showing that AgNPs properties could be tuned to avoid impact on denitrifica-
tion. Hence, the biogenic AgNPs synthetized by green process (Guilger et al. 2017)
did not show dramatic impact on the nitrogen cycle.

An understanding of the microbiome interactions with NPs at a microscale level
could support a better design of the structure and properties of the NPs.

3.2 Impact of Nanopesticides Based on Nanoformulation
of Pesticides

Nanotechnology has the potential to positively impact the agrifood sector, minimiz-
ing adverse problems of agricultural practices on environment and human health,
improving food security and productivity (Fraceto et al. 2016). In this context,
nanocapsulated formulations, nanoemulsion, nanogel of conventional pesticides,
and metal and metal oxide nanoparticles have been designed in order to control the
release of the active ingredient, favor adsorption on plant leaves and reduce the
dose, protect the active molecule (Fraceto et al. 2016; Chhipa 2017). While the
impact of metal and metal oxide nanoparticles on the soil microbiota as non-target
organism has been addressed in the literature, those of nanoformulation of pesti-
cides still stay poorly documented.

Liu et al. (2014) synthesized a new nanopesticide CM-p-CD-MNPs-Diuron
(average diameter of 25 nm by TEM) from an inclusion complex of cyclodextrin-
Fe;0, magnetic nanoparticles as host and diuron as guest molecules. Their potential
toxic effects on soil microbiota was evaluated by microcalorimetry, measure of ure-
ase enzyme activity and qPCR. By recording heat flow rate of microbial growth,
microcalorimetry provides information on microbial biochemical processes and
evaluate the metabolism of microbial biomass in soil. Soil samples (1.00 g) in
ampoules were spiked with glucose and ammonium sulfate were exposed to differ-
ent concentrations of CM-f-CD-MNPs-Diuron (5.00, 20.0, 80.0, and 150 mg g~! in
dry soil samples) at 28 °C. CM-p-CD-MNPs-Diuron leads to the inhibition of the
metabolic activity of microorganism in soil. Urease catalyzes the conversion reac-
tion of urea to carbon dioxide and ammonia, leading to available nitrogen for plants.
There was a significant effect (p < 0.05) of CM-p-CD-MNPs-Diuron on the urease
enzyme activity at 7, 14, and 21 days of incubation. Real-time qPCR and universal
probes were used to quantify the impact of different concentration (0.00, 5.00, 20.0,
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80.0, and 150 mg g™!) of CM-f3-CD-MNPs-Diuron on population size of the micro-
organism community in soil for 21 days. The abundance the soil bacterial commu-
nity decreases when the dose of CM-f-CD-MNPs-Diuron increases while for
Actinobacteria, the population does not change significantly at the different doses.
Diuron has a negative effect on the microbial population (Prado and Airoldi 2001)
and iron-based nanoparticles are toxic to bacterial community of soil due to the
generation of reactive oxygen species (He et al. 2019; Guilger et al. 2017).
Altogether, these results show CM-B-CD-MNPs-Diuron exerts a stress on soil
microorganism and that encapsulation of Diuron did not help to decrease the
toxicity.

As a counter-example, Maruyama et al. (2016) decreased the toxicity of Imazapic
and Imazapyr herbicides by formulating them in alginate/chitosan and chitosan/tri-
polyphosphate nanoparticles (average size of 400 nm). These systemic herbicides
are used to control weeds in many crops, and are used as combination to bypass the
resistance of plants. An agricultural soil was sampled and exposed to the herbicides
using doses equivalent to the application rates employed in the field.

The impact of the formulations on soil was assessed by qPCR of genes involved
in nitrogen cycle. Quantification of nifH, nirk, nirS, narG, norB, and nosZ, bacterial
genes in the soil samples treated with the nanoparticles for 7 and 30 days showed
that the encapsulated herbicides were less toxic, compared to the free Imazapic and
Imazapyr compounds.

Essential oils are a promising option for substituting the synthetic pesticides
used in agriculture. Neem oil is effective against a wide range of pests, exhibiting a
broad spectrum of action due to its systemic and transmembrane activities. However,
its use in the field is limited by its short persistence in the environment (Shah et al.
2017; Kumar et al. 2019). Pascoli et al. (2019) formulated neem oil loaded zein
nanoparticles as spherical particles of 100-200 nm (atomic force microscopy). Zein
is a corn protein. The impact of these NPs on soil microbiota was also assessed by
gPCR of specific genes from nitrogen cycle bacteria: nifH, amoA (encoding ammo-
nia monooxygenase, nitrification enzyme: conversion of ammonia to hydroxyl-
amine), haO (encoding hydroxylamine oxidase, nitrification enzyme: oxidation of
hydroxylamine to nitrite), narG, nirK and nirS, cnorB, and nosZ. No change in the
number of genes which encode nitrogen-fixing enzymes and denitrifying enzymes
was detected, suggesting no effect on soil bacteria involved in nitrogen cycle. The
encapsulation in zein nanoparticles reduced the genotoxicity of neem oil to Allia
cepa and nullified the toxicity in Caenorhabditis elegans. Thus encapsulation of the
herbicides could improve their mode of action and reduced their toxicity.

Hexaconazole is a pest control and a plant growth regulator. In order to reduce
its adverse effects in some plants (Kumar et al. 2015) have developed nanoparticles
of hexaconazole using polyethyleneglycol-400 (PEG) as the surface stabilizing
agent. The nanoparticles show an average size of 100 nm (SEM). The impact of
hexaconazole NPs on non-target soil microbiota was assessed by measure of the
quantities of ammonium, nitrite, and nitrate-nitrogen as indicators of soil nitrifica-
tion activity. Ammonia and nitrite oxidizing bacteria are unaffected by hexacon-
azole NPs, and commercial formulation of hexaconazole.
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3.3 Different Nanovectors of Pesticides and Different Impacts

The different examples discussed above show that in most cases, the nanoformula-
tion of pesticides and herbicides using organic polymers, improved or did not
worsen the impact of the active ingredient on non-target soil microbiota. Compared
the inorganic metal and metal oxide nanoparticles discussed in the first part, the
average size of these pesticides encapsulated in polymers is far higher than those of
the inorganic nanoparticles and these organic formulations seem safer toward nitro-
gen cycle (nitrification and denitrification).

Regarding nitrogen cycle, many studies focus on the abundance of nitrification
and denitrification genes, using qPCR. Taking advantage of the diversity revealed
by metagenomic in microbial functional groups, Ma et al. (2019) reevaluated the
coverage of existing DNA primers for denitrification functional genes, using in
silico approach. They confirm that the existing primers reveal a partial vision of the
denitrifiers community. As example, the non-specific coverage of fungi lead to
underestimation of the potential importance of fungal denitrifiers.

4 Conclusion and Future Directions

Nanotechnology sounds promising to decrease pesticides impact on non-target soil
microorganisms. There is a great potential in modulating the surface of the NPs, to
tune their properties, their interaction and fate in soil. Encapsulation of active ingre-
dients in polymers, formulation of biogenic NPs, and designing the properties of
NPs to reduce their impact appear as promising opportunities.

From a futuristic perspective, but already under development, smart nanoparticu-
late vectors of pesticides can be designed in order to deal with controlled and tar-
geted release, taking advantage of environment stimuli responsive nanopesticides
(Camara et al. 2019). All these smart-devices should rely on green-technologies and
biocompatible materials.

An important prerequisite to the development of nanopesticides is to assess their
innocuity on soil microorganisms in order to preserve the soil ecosystem, and to
control the diffusion of nanopesticides. In the soil matrix, to avoid contamination of
the water compartment. Soil depth targeted release could be envisioned using as
synthetic virus-based model nanopesticides those mobility whose mobility allows
them to reach different depths in soil (Chariou et al. 2019).

Currently, research is focusing on the search for microbiota that allow plants to
defend themselves against abiotic (drought, flooding, etc.) or biotic (plant patho-
gens) stresses or to improve the growth and yield of field crops. Nanopesticides
must fit in this scheme, and allow combined uses of both approach, in preventive
(seed treatment, disinfection or stimulation of seedling transplanting) and curative
(plant treatment) treatments.



158 C. Santaella and B. Plancot

Regarding the impact on microbiome, the methology focuses on diversity
revealed by sequencing an amplicon of 16S rRNA, to the impact on the bacterial
community present. A broader approach would address the diversity of bacteria,
together with those of archaea, fungi, protozoa, etc., allowing to examine how
nanopesticides are disrupting the networks of interactions between these communi-
ties. A sharper advance could focus on the active communities (complementary
DNA) and the expression of genes. Indeed, extracellular DNA can persist in soil,
and hide some changes in the community.

Interaction between microorganisms and macroorganisms should be deciphered,
especially addressing how nanopesticides present in the soil or systemic in the plant
may modify the microbiota recruited in plant roots and shoots, which is currently
poorly documented. Some organisms inhabiting soils, such as nematodes, can also
modify the impact of nanopesticides on soil microbiota. Recently, Bart et al. (2019)
evidenced that nematodes can mitigate the toxicity of pesticides on soil microbial
enzymatic activities.

Going back to soil, which is the basic matrix for agronomy, the microstructure of
soil aggregates directly impacts soil communities and functional diversity, and
likely the implications of nanoagrochemicals. To overcome the complexity of soil
matrix, microfluidic techniques provide new ways of studying soil microbial ecol-
ogy by allowing simulation and manipulation of chemical conditions and physical
structures at the microscale in soil model habitats (Aleklett et al. 2018).

As final conclusion, soil must be considered as a super-organism (Lovelock
1993). In order to design smart solutions for agronomy, the soil ecosystem has to be
addressed globally and in interaction with the air and water compartment.
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“This chapter is sincerely dedicated to my father, PhMr. Josef
Jampilek, a long-time and passionate beekeeper, on the
occasion of his 81st birthday, and also to his beloved bees
being an important part of the joyful content of his life.”

Abstract Insects represent the most diverse group of organisms on our planet with
approximately one million described species. While some of them have beneficial
effects in ecosystem services through plant pollination and natural pest control, there
are numerous quarantine insect pests causing considerable damage to crop produc-
tion and storage. Consequently, in crop pest management, the application of effective
insecticides is extremely needed, and at selection of appropriate active compounds,
the effects of insecticides or their residues on non-target organisms should be consid-
ered. The application of synthetic insecticides could result in the resistance of the
target insect against the applied insecticide. Therefore, recently, a great attention has
been devoted to insecticide formulations using active compounds of natural origin
that are less toxic than conventional synthetic insecticides, exert the effects exclu-
sively on the target insect and closely related organisms, are very effective in very
small doses, are characterized with rapid decomposition, and, due to short exposure,
practically do not contribute to environmental pollution. Using a nanotechnology
approach, insecticide formulations with the enhanced bioavailability of active ingre-
dients enabling their targeted delivery, controlled release, protection against degra-
dation, and higher effectiveness could be prepared. In this manner, the overuse of
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these toxic compounds could be avoided resulting in the reduced contamination of
the environment and representing an economically favorable solution. This chapter
gives a comprehensive overview of recent findings related to the bioactivity of nano-
formulations of synthetic and natural insecticides against harmful insects causing
severe damage to economically important crops or deteriorating stored food prod-
ucts. The impact of nanoinsecticides on the environment, including potential delete-
rious effects on non-target organisms, is discussed as well.

Keywords Nanoparticles - Nanomaterials - Nanoformulations - Insecticides -
Organophosphates - Carbamates - Neonicotinoids - Pyrethroids - Disruptors -
Avermectins - Metals - Metalloids - Essential oils - Nanoecotoxicology

1 Introduction

Insects represent the most diverse group of organisms on Earth with approximately
one million of less than two million of all described species, including some 15,000
new descriptions annually. Based on modern estimation methods, several more mil-
lion species, varying around the average of 5.5 million in total, are supposed to be
discovered and described in future (Stork 2018). However, a lot of other profes-
sional estimates refer even to higher global biodiversity (May 2010).

For more than 350 million years, insects have developed into one of the most
evolutionary successful groups with perfect adaptations for life in various environ-
ments. Strong ecological interactions of insects with other organisms, including
humans, underline their fundamental and essential role in ecosystems, providing a
wide variety of ecosystem services, including biocontrol, decomposition, carbon
cycles, pedogenesis, and pollination. Based on the growing evidence on the benefi-
cial role of insects in food production, it could be noted that insect pollination is to
some degree necessary for 75% of the crop species used for food (Klein et al. 2007;
Bommarco et al. 2013), and crops depending on pollinators represent 35% of global
crop production volume (Potts et al. 2016). The overwhelming majority of pollinator
species are wild, including >20,000 species of Hymenoptera, Diptera, Lepidoptera,
and other insect orders; moreover, there are several domesticated arthropods,
with western honey bee (Apis mellifera) being the best known species (Potts et al.
2016). A wide variety of predaceous insects provide the important regulation of
numerous pest species (Maas et al. 2013). The economic benefits of natural biologi-
cal coffee pest control have been estimated at US$75-310 ha~! year~! (the plantation
benefit corresponds to Costa Rica’s average annual income) (Karp et al. 2013;
Schowalter et al. 2018). Insects are essential components of ecological systems pro-
viding many supporting services, including primary production control, nutrient
balance (Belovsky and Slade 2018), organic matter cycles, and nitrogen reduction.
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While some of them have beneficial effects on ecosystem services, there are
numerous quarantine insect pests causing considerable damage to crop production,
storage, or even human health. FAO (2014) has defined pest as “any species, strain,
or biotype of plant, animal, or pathogenic agent that is injurious to plants and plant
products, materials, or environments and includes vectors of parasites or pathogens
of humans and animal diseases and animals causing public health nuisance.”
According to the WHO report (2017), insect vectors of human diseases, particularly
Diptera, Hemiptera, and Anoplura, refer to millions of deaths annually, especially in
developing countries. Malaria as the most important mosquito-borne infectious dis-
ease in tropical and subtropical regions represents a risk for some 100 countries.
The WHO (WHO 2015) estimates that in 2015, there were 214 million new cases of
malaria resulting in 438,000 deaths.

Approximately a fifth of the world’s global production is believed to be destroyed
and damaged by insect pests annually. Farmland, particularly monocultures, repre-
sent specific, human supported and usually large size ecosystems with reduced eco-
logical stability and weakened mechanisms of resistance or resilience. With high
concentration of nutritious value, they offer suitable conditions for infesting insects
(Sallam 2013). Generally, food plants are damaged by more than 10,000 species of
insects (Dhaliwal et al. 2007). In some cases, the reduction of yield caused by insect
pests grows up to 60-70% (Singhand and Gandhi 2012).

Aridization and global warming models can make crops vulnerable to pest infes-
tation, which should spread to higher latitudes, and many species of limited colds
can increase their geographical scope (Thomson et al. 2010) with numerous exam-
ples in temperate and Boreal climate territories (e.g., Battisti et al. 2005; Masarovic¢
et al. 2014, 2017; Fedor et al. 2018).

Over the last century climate of the planet has generally warmed up by ca 0.6 °C
(Walther et al. 2002), what in decisive manner exerted influence on the distribution
and ecological dynamics of many species, including insects (e.g., Walther et al.
2002; Deka et al. 2011). Progressive spread of exotic pests represents a severe prob-
lem in Europe adversely affecting not only natural ecosystems but also urban and
farmland areas and is associated with environmental, ecological, and even economic
consequences, which are also strengthened with the actual climate change and glo-
balization of biological commodity trade (Lodge et al. 2006; Varga and Fedor 2008;
Hulme 2009). In fact, up to €12.5 billion a year has been spent on controlling bio-
logical invasion in the European Union for over 20 years (Kettunen et al. 2008).

On the other hand, a warmer climate will change at least two agriculturally rel-
evant insect pest characteristics: an increase of metabolic rate of individual insects
(and thus, consequentially, of food consumption) and changes in pest insect species
richness (growth or decline) in accordance with specific ecological conditions
(Dillon et al. 2010; Deutsch et al. 2018).

Pest control has been recently based on a wide variety of pesticides, for example,
organophosphates, neonicotinoids, pyrethroids, agents of the group of chitin syn-
thesis inhibitors, avermectins, and botanical insecticides (bioinsecticides). Although
each type of insecticides has its specific beneficial and side-effect particularities,
insect pests are capable to adapt to new environments and situations, e.g., overcom-



168 J. Jampilek et al.

ing the effect of toxic materials or bypassing the natural or artificial resistance of
plants, which further confounds the problem (Roush and McKenzie 1987; Sallam
2013; Santos et al. 1990). Therefore, newly, nanoparticles (NPs) of graphene oxide
and metals or metal oxides as insecticides with innovative or synergistic effects
have been used.

Recently, nanotechnology has become one of the crucial technologies.
Nanoscaled materials change their physical and chemical properties (Borm et al.
2006; Citakovié 2019; Dolez 2015; Jeevanandam et al. 2018; Mott 2019), and thus,
old materials are innovated and used practically in all fields of human activity.
Nanotechnologies can be successfully utilized also in agriculture, where they can
considerably contribute to the sustainable intensification of agricultural production.
They can be used to fabricate nanoformulations of herbicides, insecticides, fungi-
cides, or fertilizers, and on the other hand, they can be applied as various sensors for
monitoring plant growth, infections, etc. Thus, various agrochemicals constitute the
most significant field of nanotechnology utilization (Coles and Frewer 2013; Chen
et al. 2014; Jampilek and Kralova 2015, 2017a, 2018a, 2019; Pérez-de-Luque and
Hermosin 2013; Prasad et al. 2014; Raliya et al. 2013).

According to the adopted Recommendation on the definition of a nanomaterial
by the European Commission (2011) the term “nanomaterial” means “a natural,
incidental (e.g., as a result of abrasion/erosion or burning) or manufactured mate-
rial containing particles, in an unbound state or as an aggregate or as an agglomer-
ate and where, for 50% or more of the particles in the number size distribution,
one or more external dimensions is in the size range 1-100 nm. In specific cases
and where warranted by concerns for the environment, health, safety, or competi-
tiveness the number size distribution threshold of 50% may be replaced by a
threshold between 1 and 50%. By derogation from the above, fullerenes, graphene
flakes, and single wall carbon nanotubes with one or more external dimensions
below 1 nm should be considered as nanomaterials” (Buzea et al. 2007; European
Commission 2011).

As mentioned above, the use of nanotechnologies in agriculture allows the re-
use of various old and/or toxic insecticides in the form of nanoformulations and
can ensure the enhanced bioavailability of active ingredients, allow their targeted
delivery, controlled release, protection against degradation, and higher effective-
ness compared to bulk preparations. Lower doses of a nanoformulated insecticide
ensuring the required effect could considerably lower the costs. Moreover, in
many cases the emergence of resistance against the applied insecticide can be sup-
pressed by the synergistic effect of nanosized and/or other ingredients of the for-
mulation (Amenta et al. 2015; Jampilek and Kralova 2019; Makarenko and
Makarenko 2019).

This chapter give a comprehensive overview of recent findings related to the
bioactivity of nanoformulations of synthetic and natural insecticides against harm-
ful insects causing severe damage to economically important crops or deteriorat-
ing stored food products. The impact of nanoinsecticides on the environment,
including potential deleterious effects on non-target organisms, is discussed
as well.
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2 Synthetic Insecticides

Synthetic, i.e., man-made chemical insecticides play predominant role in control
strategies to prevent destruction of crops and infestation of stored food and food
products by insect pests. However, synthetic insecticides could exhibit unwarranted
toxicity and even though lethal effects on non-target organisms and target insects
could develop physiological resistance against these compounds. Their accumula-
tion/persistence in environmental matrices has adverse effect on the environment
(Ragaei and Sabry 2014). To mitigate these negative effects formulations that are
able to target the pests specifically and do not contribute to environment pollution
are required. From these aspects, “gut busters” (i.e., the encapsulated products) that
break open only, when they come in contact with the alkaline environment, such as
insect intestines, are favorable (Prasad et al. 2014). Nanoformulations could ensure
controlled release of encapsulated insecticides and lower dose of active component
is necessary to exhibit the desirable insecticidal effects than at applying bulk form
of the insecticide. To the major benefits of nanosized insecticide formulations
belong their easier application, improved targeting of pest species, higher efficacy,
lower doses, and higher environmental safety (Huang et al. 2018; Jampilek et al.
2019; Jampilek and Kral'ova 2018b, 2019; Rakhimol et al. 2020; Slattery et al.
2019; Walker et al. 2018; Zhao et al. 2018a). Methods related to fabrication of
nanoinsecticide formulations applied in insect’s pest control were comprehensively
summarized by Sabry and Ragaei (2018). Nanocarriers used for organic insecticides
and inorganic insecticidal NPs are presented in Fig. 1. Insecticide Resistance Action
Committee classified the insecticides according their mode of action on insects with
neurological site of action (targeting nerves and muscles) (Table 1) and those with
other targets (Table 2) (IRAC 2019). Structures of some frequently used synthetic
insecticides are presented in Figs. 2, 3, 4, 5, and 6.

Fig. 1 Nanocarriers used for organic insecticides and inorganic insecticidal NPs
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Table 1 Groups of insecticides targeting nerves and muscles (IRAC 2019)

Acetylcholinesterase (AChE)
inhibitors

Carbamates (e.g., methomyl, thiodicarb),
Organophosphates (e.g., chlorpyrifos)

Nicotinic ACh receptor competitive
modulators

Neonicotinoids (e.g., acetamiprid, thiacloprid,
thiamethoxam)

Nicotinic ACh receptor allosteric
modulators

Spinosyns (e.g., spinosad, spinetoram)

GS-omega/kappa HXTX-HV 1A peptide

Nicotinic ACh receptor blockers

e.g., bensultap, cartap

Sodium channel modulators

Pyrethrins (pyrethrin I and II, cinerin I and II, jasmolin I
and II), Pyrethroids, (e.g., cypermethrin, cyhalothrin)

Voltage dependent sodium channel
blockers

Oxadiazines (e.g., indoxacarb), Semicarbazones (e.g.,
metaflumizone)

Glutamate-gated chloride channel
allosteric modulators

Avermectins, Milbemycins (e.g., abamectin, emamectin
benzoate, lepimectin)

GABA-gated chloride channel
blockers

Cyclodiene organochlorines (e.g., endosulfan),
Phenylpyrazoles (e.g., fipronil)

GABA-gated chloride channel
allosteric modulators

Meta-diamides (e.g., broflanilide, fluxametamide,
isocycloseram)

Ryanodine receptor modulators

Diamides (e.g., chlorantraniliprole, cyantraniliprole,
cyclaniliprole, flubendiamide, tetraniliprole)

Chordotonal organ TRPV channel
modulators

e.g., afidopyropen

Chordotonal organ modulators

e.g., flonicamid

Octopamine receptor agonists

Table 2 Groups of insecticides targeting other than neurological sites (IRAC 2019)

Respiration targets

Uncouplers of oxidative phosphorylation

(proton gradient disruptors)

e.g., chlorfenapyr

Mitochondrial complex electron
transport inhibitors

e.g., tolfenpyrad, fluacrypyrim

Growth and development targets

Juvenile hormone mimics

e.g., pyriproxyfen

Juvenile hormone analogues

e.g., fenoxycarb

Inhibitors of chitin biosynthesis

Benzoylureas (e.g., flufenoxuron, lufenuron,
novaluron)

Ecdysone receptor agonists

Diacylhydrazines (e.g., methoxyfenozide,
tebufenozide, halofenozide, chromafenozide)

Midgut targets

Microbial disruptors of insect midgut
membranes

Bacillus thuringiensis, Bacillus sphaericus

Baculoviruses

Granuloviruses, nucleopolyhedroviruses

Unknown, non-specific (multi-site) inhibitors

‘ e.g., azadirachtin, pyridalyl
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2.1 Organophosphate Insecticides

Organophosphate insecticides (OPIs), see Fig. 2, act primarily by phosphorylation
of the acetylcholinesterase enzyme (AChE) at nerve endings resulting in loss of
available AChE (Fukuto 1990), which is crucial for normal control of nerve impulse
transmission from nerve fibers to smooth and skeletal muscle cells, secretory cells
and autonomic ganglia, and within the central nervous system (CNS). The loss of
AChE function results in muscle contraction, muscle twitching, depressed motor
function, and respiratory paralysis (Roberts and Routt-Reigart 2013).

Chlorpyrifos (CPF; 0,0-diethyl O-(3,5,6-trichloropyridin-2-yl)phosphorothio-
ate) is a broad-spectrum, chlorinated OPI used also as acaricide and nematicide.
Because they are toxic to non-target organisms (including mammals), it is desirable
to prepare stable CPF formulations with controlled release that will selectively tar-
get pests and their entry in the environmental matrices will be suppressed. CPF-
loaded NPs of an amphiphilic copolymer of chitosan (CS) with polylactic acid
(PLA) and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine with particle sizes
in the range 100-300 nm fabricated by varying the copolymer/CPF mass ratio
showed sustained release profiles. Increasing mass ratio of copolymer to CPF
resulted in decreased size of NPs, loading content, and encapsulation efficiency
(EE) (Zhang et al. 2013). The silicone CPF microcapsules fabricated with polysilox-
ane sodium carboxylate/gelatin/sodium carboxymethyl cellulose (CMC) complex
by coacervation method with average diameter ca 3.5 pm (shell thickness being of
285 nm) showing EE of 50.8% exhibited sustainable CPF release and high spread-
ability on the rice blades contributing to enhanced residual amount of CPF micro-
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capsules on blades resulting in improved utilization of the insecticide (Dai et al.
2017). Loading of CPF into the crosslinked network structure of methyl methacrylate-
hydroxyethyl methacrylate-methacrylic acid ternary random copolymer notably
improved the heat resistance of CPF and the formulation showed sustained release
controlled by Fick diffusion mechanism (Chen et al. 2017a). CPF-loaded poly(butyl
acrylate-co-styrene)/ethylene glycol dimethacrylate (EGDMA) microcapsules with
particle sizes 88.36—101.8 nm prepared by emulsion polymerization, in which cross-
linking with 0.5-2.5% EGMDA considerably enhanced the extent of sustainable
release and a diffusion controlled process of CPF release from microcapsules was
observed at monomer ratio 1:2, 0.5% EGDMA or 5 g CPF were prepared by Wang
et al. (2015a). A sustained release system responding to pH and ions able to supply
CPF consisting of CPF supported on Cu(II) Schiff base mesoporous SiO, encapsu-
lated in alginate sodium was fabricated by Chen et al. (2016). At pH <7 the release
rate of insecticide from this formulation decreased with pH increasing, although the
rate of CPF release under weak alkaline conditions was slightly higher than under
weak acidic conditions. CPF-loaded SiO, NPs fabricated by sol-gel technique
applied at a dose 0.01 g/m* when evaluated as slurries on Petri dishes caused 100%
mortality of adults of Rhyzopertha dominica F. and Tribolium confusum Jacquelin
du Val even after 6 h exposure at 7-d post-treatment time, 7. confusum being more
susceptible than R. dominica (Satehi et al. 2018). Porous hydrogel spheres consist-
ing of CPF-nanonetwork-structured polydopamine-modified attapulgite-calcium
alginate hydrogel were able to protect CPF from degradation under UV light, they
exhibited controlled release of the insecticide and strong pH-responsiveness, which
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was reflected in the collapse of these hydrogel spheres at pH 8.5, whereby the
formed small particles possessing nanonetworks structure contributed to higher CPF
efficiency against grubs (Xiang et al. 2018).

Starch-AgNPs encapsulated CPF and dichlorvos (DCV; 2,2-dichloroethenyl
dimethyl phosphate) with particle size ca 23-35 nm and EE of 95% and 98% for
DCV and CPF, respectively, exhibited slower pesticide release than formulation
without AgNPs, whereby the AgNPs could exhibit also antimicrobial activity
(Ihegwuagu et al. 2016).

A 15 cm band of Inesfly IGR FITO®, a paint containing CPF and pyriproxyfen
(2-{[1-(4-phenoxyphenoxy)propan-2-ylJoxy } pyridine), an insecticide that mimics
a natural hormone in insects and disrupts their growth, in a microencapsulated for-
mulation showing slow release of pesticides, was painted around citrus trunks at the
beginning of the season in two citrus orchards, in which the dominated ant com-
munities were Lasius grandis or Linepithema humile, respectively. A single applica-
tion of this paint showed high efficiency and the ants were excluded from canopies
throughout the season (Juan-Blasco et al. 2011).

The formulation consisting of the microencapsulated mixture of CPF and
fipronil (5-amino-1-[2,6-dichloro-4-(trifluoromethyl)phenyl]-4-[(trifluoromethyl)
sulfinyl]-1H-pyrazole-3-carbonitrile) tested in peanut fields was found to be con-
siderably protected against decomposition in the environment and treatment of
seeds with a single dose of this formulation efficiently controlled white grubs
during the whole growing season. In the soil and peanut roots, it was able to main-
tain 13.6-fold higher concentration of CPF and ca 2.2-fold higher concentration
of fipronil compared to conventional formulation; however, the level of residual
fipronil in some kernel samples reached the statutory maximum residue limit set
by the European Union suggesting risk of the multiple reapplication of this
microscaled formulation (Yang et al. 2014).

Nanoformulation of acephate (O,S-dimethyl acetylphosphoramidothioate)
encapsulated in PEG was found to be biosafe when tested on murine model (Pradhan
et al. 2013). On the other hand, bulk acephate was found to induce shortening of the
developmental time and early emergence in a non-target insect Drosophila melano-
gaster (Rajak et al. 2013).

The toxicity of the phenyl organothiophosphate insecticide temephos (0,0,0",0’-
tetramethyl O,0’-(sulfanediyldibenzene-4,1-diyl) bis(phosphorothioate)) nanoen-
capsulated in PEG against Culex quinquefasciatus was reflected in LCs, values of
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0.013,0.010, and 0.003 mg/1 after 24, 48, and 72 h, respectively, whereby the nano-
formulation exhibited controlled slow release of the insecticide (Bhan et al. 2014).

2.2 Carbamate and Diamide Insecticides

Carbamate insecticides show mechanism of action like that of OPIs, i.e., they inhibit
AChE (Fukuto 1990). Mode of action of diamide insecticides (e.g., flubendiamide,
chlorantraniliprole, see Fig. 3) consists in unselective activating the insect ryano-
dine receptor (Roberts and Routt-Reigart 2013; Troczka et al. 2017).

The nanocomposite prepared by intercalation of isoprocarb (2-(propan-2-yl)phe-
nyl methylcarbamate) into zinc layered hydroxide showed mesoporous-type mate-
rial characteristics, lower pore size compared to the pristine host, layered zinc
layered hydroxide sodium dodecyl sulfate, and better thermal stability compared to
the pristine isoprocarb suggesting that its application will be environment-friendly
(Muda et al. 2019).

Microcapsule formulations fabricated using a solid in oil in water (S/O/W)
double-emulsion method combined with premix membrane emulsion that were
loaded with diamide insecticide chlorantraniliprole (CLAP; 3-bromo-N-[4-
chloro-2-methyl-6-(methylcarbamoyl)phenyl]-1-(3-chloropyridin-2-yl)-1H-
pyrazole-5-carboxamide) exhibited prolonged sustained release, optimal regulation
of which could be obtained by tuning the surface porosity and size of the microcap-
sules. The insecticidal efficiency of formulations consisting of such porous micro-
capsules against Plutella xylostella exceeded that of the commercial formulation
(Liu et al. 2018). By anchoring mechanically interlocked molecules using
a-cyclodextrin onto the surface pore rims of hollow mesoporous SiO, and loaded
them with CLAP, enzyme-sensitive controlled release formulations were prepared,
in which introduction of external a-amylase could accelerate the insecticide release.
The mortality of P. xylostella larvae fed with this nanoformulation estimated after
14 days was pronouncedly higher than that observed with the commercial prepara-
tion Coragen®, confirming remarkable persistence of prepared nanoformulation
(Kaziem et al. 2017). An adhesive organic-inorganic hybrid prepared using hollow
mesoporous silica (HMS) as an inlayer material and poly(diacetone acrylamide) as
an outer layer with incorporated CLAP showed controlled and sustained release at
least 25 days and stronger adhesive property on rice leaves than HMS suggesting
that such formulation could be used for photosensitive pesticides applied via foliar
spraying (Gao et al. 2018a). Solid nanodispersions of CLAP were fabricated by
high pressure homogenization combined with lyophilization with particle sizes
<75 nm and the nanoformulation containing 2.5% of insecticide showed average
particle size of 29 nm, 97.32% suspensibility in water, and wetting time of 13 s,
respectively. The solid nanodispersions reached 1.5- and 3-fold higher retention on
the rice leaf than the commercial aqueous suspension concentrate and pure water
and their toxicity to diamondback moths were 3.3- and 2.8-fold higher than that of
technical and aqueous suspension concentrate, respectively (Cui et al. 2016).
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2.3 Neonicotinoids

Neonicotinoids (neonics) are a class of insecticides affecting the CNS of insects by
strong binding to nicotinic acetycholine receptors in the CNS, resulting in over-
stimulation of their nerve cells, paralysis, and death. These insecticides are persis-
tent in the environment but they are less toxic to humans than OPIs, carbamates,
organochlorides, and pyrethroids, and therefore they are the most frequently used
insecticides in the world (Ensley 2018; Roberts and Routt-Reigart 2013). The levels
of neonicotinoids estimated in surface waters in Canada and globally could have
adverse impact on the aquatic invertebrates (Anderson et al. 2015). To neonicoti-
noid insecticides belong, for example, imidacloprid (IMI), thiamethoxam (TMX),
acetamiprid (ACP), see Fig. 4.

CS (0.1% wl/v)-coated liposomes co-encapsulating the IMI ((2E)-1-[(6-
chloropyridin-3-yl)methyl]-N-nitroimidazolidin-2-imine) and pyrethroid insecti-
cide cyhalothrin (see below) with particle size 69 nm and zeta potential of +31 mV,
showing EE of 51 and 96% for IMI and cyhalothrin, respectively, exhibited
improved insecticidal effects against Myzus persicae Sulzer as well as duration of
residual activity compared to the effect of individual insecticides and their mixture
(Moradi et al. 2019). Submicron particles of amphiphilic CS-co-(b,L-lactide) copo-
lymers loaded with IMI prepared by nanoprecipitation and the emulsion/solvent
evaporation method showed a sustained insecticide release process, whereby reduc-
tion of particle size and IMI loading content was observed with increasing mass
ratio of copolymer to IMI (Li et al. 2012). Functional nano-dispensers consisting of
IMI encapsulated in poly(D,L-lactide-co-glycolide (PLGA) microparticles (MPs;
5-10 pm) fabricated using the solvent-evaporation method exhibited comparable
mortality of Asian citrus psyllids (Diaphorina citri) as the commercial formulation
at a 200-fold lower dose (Meyer et al. 2015). Morphology and size of the nanoscale
IMI fabricated using encapsulation of insecticide in the ABA triblock linear den-
dritic copolymers composed of poly(citric acid) (PCA) as A block and poly(ethylene
glycol) (PEG) as B block in the presence of different solvents depended on the used
solvent and enabled to prepare particles with mean size of 10-20 nm as well as
fiber-like, globular, and tubular particles with sizes from 10 nm to several mm. This
formulation was characterized with slower release rate of insecticide at pH 10 cor-
responding to the pH of Glyphodes pyloalis gut compared to neutral pH indicating
that its action will be selective and controllable. Moreover, lower dose of IMI was
sufficient to achieve the required effect compared to application of bulk insecticide,
indicating reduced environmental risk (Memarizadeh et al. 2014). The release of
IMI that was loaded in MCM-48 type mesoporous SiO, NPs showing high surface
area was found to be controlled over 48 h and the formulation showed efficient
activity against termites in a laboratory experiment (Popat et al. 2012). The time
needed for the release of 50% of IMI, which was encapsulated in a composite gel
composed of carboxymethyl CS and bentonite, was prolonged to 24 h and in leach-
ing experiments through a soil layer lower amount of insecticide available for
leaching due to applied nanocarrier were estimated resulting in lower environmen-
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tal risk (Li et al. 2012). Nanoaerosol particles from IMI with sizes of 7-300 nm
applied at a dose of 2.7 + 0.1 ng/cm?® showed Ts, of 88 + 14 min (at 22 °C) and
36 + 2 min (at 33 °C), respectively, related to knockdown in half of the D. melano-
gaster insects. Based on the estimated fly knockdowns that were two orders of
magnitude lower for the inhaled doses compared to oral doses containing IMI-
sucrose mixture it could be suggested that application of such insecticidal nano-
aerosol formulations could be very efficient in greenhouses and other closed
environments (Morozov and Kanev 2015).

TMX  ((4E)-3-[(2-chloro-1,3-thiazol-5-yl)methyl]-5-methyl-N-nitro-1,3,5-
oxadiazinan-4-imine) encapsulated in hydrogel composites fabricated from
CMC crosslinked with citric acid in the presence of bentonite exhibited an imme-
diate burst release. The insecticide formulation was found to be able to control
insects having pH > 7 in their guts because the observed TMX release rate was
higher at pH > 7 compared to neutral pH (Sarkar and Singh 2017). Fast release
in a solution with high pH compared to acidic pH was reported also for pH-trig-
gered release formulations of boron and TMX prepared using boric acid cross-
linked CMC hydrogels (Sarkar and Singh 2019). The half amount of TMX
encapsulated in amphiphilic copolymers fabricated from PEGs and various ali-
phatic and aromatic diacids able to self-assemble into nanomicellar aggregates in
aqueous media was released within 3.56-6.07 days, this time being longer than
that from the commercial formulation (Sarkar et al. 2012). Liu et al. (2015)
designed water-soluble nanoscaled cationic dendrimers containing hydrophobic
dendritic polyesters and peripheral amines which were able to effectively deliver
TMX into the live cells, strongly increasing its cytotoxicity.

The EE of ACP ((1E)-N-[(6-chloropyridin-3-yl)methyl]-N’-cyano-N-
methylethanimidamide) loaded in the micelles of amphiphilic alginate was found
to increase from 55 to 96%, respectively, due to the rise in the concentration of
Na* ions from 0.01 M to 0.3 M and a decrease in pH from 5.3 to 2.0 was also
reflected in increased EE (55-80%). This formulation exhibited controlled release
of ACP (Tang et al. 2018). Sustained release of the insecticide is desirable due to
its adverse effects on non-target organisms. For example, ACP exhibited toxicity
to zebrafish embryos resulting in high morality and teratogenic effects at concen-
tration >263 mg/l, and malformations such as bent spine (Ma et al. 2019). Self-
assembled NPs of cholesteryl-grafted sodium alginate derivatives (CSAD) with
particle sizes ca 100 nm effectively encapsulated ACP, whereby at using CSAD
with lower molecular weight, ACP release corresponded to Fickian transport
(Zhao et al. 2018b). Spherical alginate-CS nanocapsules encapsulating ACP show-
ing EE of 62% exhibited controlled release in vitro in a wide pH range (4-10),
maximum release being observed at pH 10, the lowest one at pH 4 (Kumar et al.
2015). ACP immobilized into the layers of montmorillonite modified with cetyltri-
methylammonium bromide exhibited a slow and sustained release suggesting that
such formulation is suitable to reduce environmental pollution (Yan et al. 2016).

Lorenz et al. (2017a) exposed fourth instar larvae of Chironomus riparius to thia-
cloprid (TCP; {(2Z)-3-[(6-chloropyridin-3-yl)methyl]-1,3-thiazolidin-2-ylidene}
cyanamide) and to nanoscale zeolites, eventually to zeolite agglomerates composed



Bioactivity of Nanoformulated Synthetic and Natural Insecticides and Their Impact... 177

of primary NPs of 50 nm solely as well as to mixtures of both compounds. While
the tested zeolites did not showed toxicity when applied to the insect, they were able
to reduce acute toxicity of TCP due to limited bioavailability caused by the sorption
of the insecticide on zeolite. Exposure of Chironomus riparius to mixtures of TCP
and ALLO; NPs also resulted in pronounced reduction of the mortality of fourth
instar larvae compared to TCP, the effect being more effective with increasing AL,O;
NPs concentration. However, the presence of Al,O; NPs was not able to prevent
entirely the mortality of larvae exposed to combine treatment with TCP applied at a
dose >0.5 pg TCP/1 (larvae showed severe convulsions), although the mortality was
delayed (Lorenz et al. 2017b).

As ex vivo application to repel and even kill mosquitoes or flies zirconyl hydro-
genphosphate nanocontainers loaded with cypermethrin (cyano(3-phenoxyphe-
nyl)methyl 3-(2,2-dichloroethenyl)-2,2-dimethylcyclopropanecarboxylate) were
reported (Rein et al. 2019).

As mentioned above, for neonicotinoids selective binding to insect nicotinic ace-
tylcholine receptors is characteristic. In a structure-activity study of the mode of
[H-3]imidacloprid displacement in Myzus persicae and Aphis craccivora Kayser
et al. (2004) used neonicotinoids applied in practice and some newly synthesized
analogues and found that the direct competitors (acetamiprid, nitenpyram, thiaclo-
prid, and nithiazine) share the binding site with IMI, whereas non-competitive com-
pounds (TMX, N-methyl analogues of IMI and clothianidin) bind to a different site
or in a different mode.

2.4 Pyrethroid Insecticides

The insecticidal actions of pyrethroids (see Fig. 5) are connected with their ability
to bind to and disrupt voltage-gated sodium channels of insect nerves. When the
pyrethroid insecticide keeps the channels in their open state, the nerves cannot repo-
larize, and the axonal membrane remains permanently depolarized, which results in
the paralysis of the organism (Soderlund 2012).

Pyrethrins encapsulated in temperature-responsive mixed micelles prepared by a
cooperative assembly of poly[2-(2-methoxyethoxy)ethyl methacrylate-co-octadecyl
methacrylate] and monomethoxyPEG-PLGA in water were protected from degra-
dation with UV light at 26 °C, whereby at increasing of the temperature from 13 to
26 °C a phase transition process from solution state to turbid state was observed.
The mixed micelles showed improved larvicidal activity against Culex pipiens pal-
lens at 26 °C than at 14 °C or 18 °C and after 24-h exposure at 26 °C they were also
more toxic to C. p. pallens larvae than the commercial pyrethrin formulation,
although at 14 °C their toxicity was lower. The longer-lasting larvicidal activity of
this mixed micelle formulation under natural conditions in comparison to the estab-
lished pyrethrin formulation was observed as well (Zhang et al. 2019).
Nanoformulation of natural pyrethrins in water-in-oil microemulsions (MEs) based
on non toxic biocompatible materials exhibited enhanced insecticidal activity of
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insecticides against Aphis gossypii (Hemiptera: Aphididae) than two commercial
suspension concentrates of natural pyrethrins. On the other hand, nanoformulated
preparations did not show toxicity against L3 larvae and four-instar nymphs of the
predators Coccinella septempunctata L. (Coleoptera: Coccinellidae) and
Macrolophus pygmaeus Rambur (Hemiptera: Miridae), respectively (Papanikolaou
et al. 2018). Also, the insecticidal activity of natural pyrethrin encapsulated in nano-
emulsions (NEs) containing globular oil droplets of 36-37 nm in diameter and oil
droplets with diameters >150 nm dispersed in the aqueous phase, which was evalu-
ated in laboratory bioassays using target insect Aphis gossypii Glover in eggplant,
exceeded that of the commercial pyrethrin formulation (Kalaitzaki et al. 2015).

Nanoscaled permethrin (PMT; 3-phenoxybenzyl 3-(2,2-dichloroethenyl)-2,2-
dimethylcyclopropanecarboxylate) fabricated by solvent evaporation from an oil-
in-water (O/W) volatile ME was ca threefold more effective against Aedes aegypti
compared to microparticluar formulation of the insecticide (the 24 h LCs, of 0.0063
vs. 0.0199 mg/l). Moreover, treatment of maize, cucumber, and tomato seeds with
nano-PMT did not adversely affect root length and germination percentage suggest-
ing that the formulation represents a safe alternative of the insecticide for the use in
agriculture (Kumar et al. 2013). PMT NEs with the average droplet diameter of
12.4 £ 1.13 nm and zeta potential of —20.4 + 0.56 mV showed LCs, values of 0.038
and 0.047 mg/1 and 0.049 and 0.063 mg/l against larvae and pupae of Culex tritae-
niorhynchus and Ae. aegypti, respectively, and were found to be nontoxic against
non-target organisms (Closterium alga, chickpea zebrafish) (Mishra et al. 2019).

The biogenic volatile organic compounds of the home insecticide containing
prallethrin ((18)-2-methyl-4-oxo-3-(prop-2-yn-1-yl)cyclopent-2-en-1-yl
2,2-dimethyl-3-(2-methylprop- 1-en-1-yl)cyclopropanecarboxylate), a-pinene,
cymene, D-limonene, a-terpinene, and a-thujone were reported to be able to initiate
secondary aerosol formation under ozone exposure (Bae et al. 2012).

Using nanosized CS (MW 30,000; 01%) carrier controlled release formulation of
etofenprox (1-{[2-(4-ethoxyphenyl)-2-methylpropoxy]methyl}-3-phenoxybenzene)
with polygonal shaped particles and sizes <800 nm showing activity against
Spodoptera litura was prepared by Hwang et al. (2011).

In deltamethrin (DM; (S)-cyano(3-phenoxyphenyl)methyl (1R,3R)-3-(2,2-
dibromoethenyl)-2,2-dimethylcyclopropanecarboxylate)-loaded CS-coated bees-
wax solid lipid NPs (SLNPs) fabricated using a combination of hot homogenization
and sonication and showing 95% EE, the insecticide was efficiently protected
against photodegradation and thus such nanoformulation could be applied to
improve the effect of the insecticide in the field (Nguyen et al. 2012a, b). Using
grafting esterification of dodecanoic acid onto Nitraria seed meal substrates Bai
et al. (2019) designed a pesticide carrier with distinct hydrophobic surface and
irregular holes loaded with DM (loading capacity ca 1068 mg g=!) that showed
controlled release of the insecticide. The AgNPs-DM core-shell conjugate, in which
a 15 nm AgNPs core was surrounded by DM, caused mortality of mosquitoes in a
24 h bioassay at a dose of 0.9 mM. It could be noted that Ag was estimated in the
hemolymph of mosquitoes treated with the conjugate (Sooresh et al. 2011). Balaji
et al. (2017) prepared a hydrodispersive nanoscaled colloidal form of DM with
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droplet sizes 35—40 nm from its parental form (PDM), which was hydroimmisicible
and exhibited higher efficacy on adult mosquito and larval population of Cx. tritae-
niorhynchus and Cx. quinquefasciatus, even at concentrations lower than PDM,
whereby the nanoscale DM exhibited lower toxicity to non-target organisms than
PDM suggesting precise targeting of mosquitoes.

Combination of nanoencapsulated DM (protected from esterase-induced enzy-
matic degradation) with indoxacarb (IDX), an oxadiazine pesticide, enhanced
insecticidal activity of IDX against cockroach Periplaneta americana, which could
result in reducing doses of IDX. Namely, following a rise in intracellular Ca®* levels
in insect neurons through the reverse Na*/Ca?* exchanger caused by deltamethrin,
the voltage-gated sodium channels showed higher sensitivity to lower concentration
of the toxic decarbomethoxylated metabolite of IDX (Caballero et al. 2019).

Cyhalothrin (CHT; cyano(3-phenoxyphenyl)methyl 3-[(1Z)-2-chloro-3,3,3-
trifluoroprop-1-en-1-yl]-2,2-dimethylcyclopropanecarboxylate) is an effective
pyrethroid insecticide. A-CHT is a mixture of CHT isomers, while y-CHT is a sin-
gle, the most insecticidally active stereoisomer of CHT. y-CHT-loaded SLMPs with
particle diameters 0.3—100 pm exhibited comparable activity against both Dysdercus
cingulatus nymphs and Spodoptera littoralis larvae than the traditional emulsifiable
concentrate formulation (Frederiksen et al. 2003). A-CHT-loaded PLA NPs fabri-
cated by a solvent evaporation method with particle sizes <200 nm and EE >90%
showed higher foliage adhesion than the commercial insecticide preparation because
of a low surface tension and a low contact angle reflected in improved pesticide
utilization (Shen et al. 2018). A-CHT-loaded PLA microcapsules fabricated via pre-
mix membrane emulsification showed prolonged controlled sustained release of
insecticide and the activity of such microcapsules (0.68 pm), which were character-
ized with good UV and thermal stability, against P. xylostella, was comparable with
that of a commercial microcapsule preparation (Liu et al. 2016). Using ME template
with octyl-grafted alginate-amide derivative nanocapsule formulation with A-CHT
showing mean particle size of 25.78 nm and EE of 99.95% and exhibiting restrained
release of insecticide in methanol was designed by Hu et al. (2013). A pH-responsive
emulsions stabilized by alginate-grafted anisotropic SiO, applied for the controlled
release of A-CHT were found to be more stable in a pH range from 2.0 to 6.2 due to
polymer chain interactions resulting in the creation of a 3-D network. On the other
hand, in the pH range from 6.2 to 8.0 the increased emulsion stability was connected
with the increasing particle charge. An increase of emulsion pH from 3.0 to 8 led to
reduction of cumulative drug release from the formulation from 99.7% to 13.5%
(Chen et al. 2017b). CHT-loaded ultrafine particles of poly(2-hydroxyethyl
methacrylate)-co-PLA, which could be prepared by both nanoprecipitation method
and emulsion/solvent evaporation method, were characterized by efficacious dis-
persity in water and sustained release behavior (Fan et al. 2013). A-CHT nanosus-
pension prepared using a melt emulsification (alkylphenol formaldehyde resin
polyoxyethylene ether was used as emulsifier) method with average particle size of
12.0 = 0.1 nm and a polydispersity index (PDI) of 0.279 + 0.135, that showed
improved wettability, stability, and bioavailability compared to conventional sus-
pension concentrates, was reported to be suitable for a broad application in
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agricultural production systems (Wang et al. 2019a). A-CHT-loaded biodegradable
castor-oil based polyurethane NEs with uniform spheres showing diameters <80 nm,
EE of 85%, and insecticide loading capacity ca 40 wt% exhibited sustained and
controlled release property. Low surface tension and larger chain mobility of the
system as well as H-bond interactions between the polyurethane and foliar surface
resulted in significantly improved foliage adhesion compared to the commercial
formulations of A-CHT (Qin et al. 2017). Liu and Guo (2019) designed biodegrad-
able poly(butylene succinate) microspheres with encapsulated A-CHT that were
prepared by the solvent evaporation induced phase separation method. These micro-
spheres demonstrated high-loading capacity and EE as well as long release time.
Benzoyl lignin nanospheres fabricated by the reverse solvent method with encapsu-
lated A-CHT showing diameters of 90—100 nm, in which the benzoyl lignin tended
to aggregate on the surface of nanospheres providing them negative charge and the
hydrophobic insecticide moved toward the interior of the nanospheres, were pre-
pared by Zhou et al. (2018). A-CHT loaded polydopamine microcapsules showing
good physicochemical stability and sustained release properties exhibited improved
bioactivity and long-term efficiency against Musca domestica compared to the com-
mercial formulation (Zou et al. 2018).

2.5 Chitin Synthesis Inhibitors and Insect Growth Regulators

Insecticides of the group of chitin synthesis inhibitors (Fig. 6) disturb the pro-
cesses of chitin formation through the preimaginal stages, metamorphosis, and the
reproductive development of insects (Dolzhenko and Dolzhenko 2017). By encap-
sulation of microcrystals of chitin synthesis inhibitor buprofezin ((22)-2-(tert-
butylimino)-5-phenyl-3-(propan-2-yl)-1,3,5-thiadiazinan-4-one) with CS and
sodium alginate through layer-by-layer (LbL) self-assembly, particles with mean
diameter of 1.5 pm and EE of 67.2% showing prolonged release time were designed
by Zhang et al. (2011).

Novaluron (NOV; N-({3-chloro-4-[1,1,2-trifluoro-2-(trifluoromethoxy)ethoxy]
phenyl}carbamoyl)-2,6-difluorobenzamide) insecticide acts as insect growth regu-
lator which disrupts the normal growth and development of immature insects and
kills slowly the insects over a period lasting few days (Novaluron 2001). Using
direct conversion of O/W MEs with droplet size of 6 nm containing NOV and vola-
tile solvents nanosized powders were prepared. After redispersion NOV particles
consisted of NPs aggregates (30—100 nm) reaching a size of 200 nm and showing
in vivo toxicity against S. littoralis larvae comparable with that of commercial for-
mulation (Elek et al. 2010). Hydrophobic nanoprecipitates formed by NOV or
diflubenzuron and B-cyclodextrin inclusion compounds showed higher efficiency
against Ae. aegypti larvae than free benzoylphenylureas (Bittencourt et al. 2019).
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2.6 Unclassified Insecticides

Pyrifluquinazon (1-acetyl-6-(1,1,1,2,3,3,3-heptafluoropropan-2-yl)-3-[(pyridin-3-
ylmethyl)amino]-3,4-dihydroquinazolin-2(1H)-one, see Fig. 6) is a new insecticide
that interferes with chordotonal receptor neuron function that alters insect behavior
by stopping feeding in a short time and the insects starve to death. Nanosized pyri-
fluquinazon formulated with CS (0.3%; MW 3000) was found to be potent against
M. persicae at 14 days after exposure, whereby the reaction time was reduced from
14 to 30 days in treated aphids (Kang et al. 2012).

Pyridalyl (2-(3-{2,6-dichloro-4-[(3,3-dichloroprop-2-en- 1-yl)oxy]phenoxy }
propoxy)-5-(trifluoromethyl)pyridine, see Fig. 6) nanosuspension with sodium algi-
nate with mean micelle size of ca 138 nm, pyridalyl size <100 nm, and zeta potential
of —20 + 1 mV showed insecticidal activity against larvae of Helicoverpa armigera
with LC;, values of 40 pg/ml and in bioassay using leaf dip method it showed 2.26-
and 6.25-fold higher effectiveness against H. armigera as stomach poison compared
to the technical product and commercial preparation, respectively (Saini et al. 2014).

3 Macrocyclic Lactone Insecticides

The avermectins, milbemycins, and spinosyns belong to macrocyclic lactones
(mostly mixtures of very close complex compounds/derivatives are used) that com-
prise several classes of chemicals derived from cultures of soil micro-organisms.
Avermectins (see Fig. 7) are neurotoxic metabolic products of the bacterium
Streptomyces avermitilis. Ivermectin (IVM), the most widely used avermectin
(AVM) obtained through selective, catalytic hydrogenation of the cis-22,23-double
bond of the avermectins Bla and B1b, is usually used to control the ecto- and endo-
parasites (mites and nematodes) of livestock and antifilarial chemotherapy in
humans (Lumaret et al. 2012). Arena et al. (1995) reported that the nematocidal
effects of avermectins and milbemycins on Caenorhabditis elegans are caused by
an interaction with a common receptor molecule, glutamate-gated chloride chan-
nels. Biochemical mode of action, biological activity, and agricultural importance
of avermectins were analyzed by Jansson and Dybas (1998).

AVM/castor oil-based polyurethane NEs designed by Zhang et al. (2018) with
particle size <50 nm and EE of >85% showed improved foliar insecticide retention
and considerably lower photolysis rate of AVM than pure insecticide, the release of
AVM from these NEs being controlled by both diffusion and matrix erosion.
Acetylated lignin and benzoylated lignin were used to fabricate nanospheres encap-
sulating AVM exhibiting superb controlled release properties compared to control
group and were able to retain 67.6% and 77.0% of the insecticide after 50 h UV
irradiation, while the retention rate of control group reached only 27%. However, it
could be mentioned that the higher acylation degree was reflected in reduced reten-
tion rate of the insecticide approx, by 15-20% (Zhou et al. 2019).
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Fig. 7 Structures of selected avermectines

IVM-loaded CS-alginate NPs of 155 nm and EE of 75.67% exhibited sustained
release and their microfilaricidal activity against human lymphatic filariid, Brugia
malayi, in rodent host following subcutaneous administration of a single dose of
200 pg/kg body weight exceeded that of free IVM applied at a twofold higher dose
(Ali et al. 2013). Lipid nanostructured carrier systems for IVM and methoprene
showing potential to be used in veterinary applications were developed by Cola
et al. (2015, 2016). Solid dispersion of IVM in a lipid matrix (hydrogenated castor
oil) exhibiting sustained release, which was evaluated against the ear mange mite,
Notoedres muris (Astigmata: Sarcoptidae), in rabbits, showed improved bioavail-
ability compared with pure insecticide and was found to provide longer persistence
against N. muris rabbit’s ear mites than a commercial IVM injection (Lu et al.
2017). IVM-loaded lipid nanocapsules with average diameter of 55 nm applied at a
dose 0.11 and 0.28%, respectively, showed knockdown Ts, mortality values for
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Pediculus humanus capitis De Geer (Anoplura: Pediculidae) 5 and 3 h, respectively,
suggesting potential use of such nanoformulation in clinical practice (Ullio-Gamboa
et al. 2017). After subcutaneous injection in a rat model the [IVM-loaded lipid nano-
capsules showed higher systemic disposition (1367 ng h/ml) compared to a com-
mercial preparation (1193 ng h/ml), although considerable differences in the
biodistribution pattern were not observed (Gamboa et al. 2016).

Emamectin benzoate (EMB) loaded in ethyl cellulose nanocapsules
(219.93 £+ 3.89 nm; zeta potential of —26.43 mV), SiO, NPs (142.77 + 3.43 nm; zeta
potential of —41.0 mV) and MCM-48 particles (119.73 +20.28, —36.5 mV) showed
insecticidal effect against the third instar larvae of P. xylostella with LCsy/Lq, values
estimated after 24 h of 0.32/1.67, 7.44/89.03, and 34.79/359.51 mg/l compared to
24.83/311.32 mg/1 for pure insecticide. Higher inhibitory activity of nanoformula-
tions containing SiO, NPs and MCM-48 could be connected with smaller sizes of
NPs and higher surface area and it could be assumed that they could better penetrate
in the larval body than the active ingredient alone. Moreover, the tested carriers
improved the photostability of the entrapped insecticide (Shoaib et al. 2018a).
Slow-release microspheres fabricated by the microemulsion polymerization method
using polyvinylalcohol (PVA) as stabilizer and polyoxyethylene castor oil as surfac-
tant, which were loaded with EMB showed superb anti-photolysis performance,
stability, controlled release properties, and good leaf distribution suggesting that
such nanoformulation could improve insecticide efficiency by prolonging its con-
trol effect (Wang et al. 2017). The EMB SiO,-epichlorohydrin-CMC microcapsules
exhibiting superb cellulase stimuli-responsive properties and a sustained insecti-
cidal efficacy against Myzus persicae were designed by Guo et al. (2015).

Hydrophobic nanoprecipitates of inclusion complexes of eprinomectin with
B-cyclodextrin (B-CD) improved its larval toxicity against Ae. aegypti, while reduced
its human cytotoxicity. On the other hand, similar effect due to encapsulation into
B-CD was not observed with IVM (Moreira et al. 2018).

Poly(glycidyl methacrylate-co-acrylic acid) grafted hollow mesoporous SiO,
composite loaded with abamectin showed pH-dependent release of insecticide, high
adhesion on rice leaves and showed higher toxicity than abamectin emulsifiable
concentrate in controlling Cnaphalocrocis medinalis (Guenee) larvae, a noxious
rice pest, during cultivated periods. Moreover, the formulation exhibited long-term
efficacy and practically did not affect the growth of rice seedlings (Gao et al. 2019).

4 Botanical Insecticides

Botanical insecticides or bioinsecticides are naturally occurring or derived materials
from living organisms used to control harmful insects. Over 17,000 plant species
produce essential oils (EOs) playing a key role in plant signaling processes (Campolo
et al. 2018). Plant extracts and EOs belong to frequently used insecticides as they
are less toxic, less persistent, and could be degraded more rapidly than synthetic
insecticides, and therefore they are environment-friendly. Moreover, botanical



184 J. Jampilek et al.

insecticides are safe to humans and non-target organisms (Roberts and Routt-
Reigart 2013; Pavela 2016; Hikal et al. 2017; Campos et al. 2016). Boulogne et al.
(2012) in an overview paid attention to chemicals of plant origin and species show-
ing insecticidal activity reported that 656 plant species have pronounced insecticidal
activities and 17 species of plant families Lamiaceae and Apiaceae were particu-
larly effective against leaf-cutting ants. The insecticidal effects of EOs on various
insect species were discussed in many papers (e.g., Al-Ahmadi 2019; Campos et al.
2016; de Oliveira et al. 2014; Dougoud et al. 2019; Duke et al. 2010; Hikal et al.
2017; Mossa et al. 2018a; Pavela 2016; White and Johnson 2012) and mechanism
of action of secondary metabolites of plant origin showing insecticidal activity was
overviewed by Rattan (2010). EOs are frequently utilized for the control of prehar-
vest and postharvest phytophagous insects. Structures of selected botanical insecti-
cides are illustrated in Fig. 8.

EOs, i.e., volatile secondary metabolites of many higher plants possessing repel-
lent, insecticidal, or growth-inhibiting activities against a variety of insects could
cause neurotoxic effects to insects, whereby they exhibit several mechanisms of
action, including mainly inhibition of AChE blockage of GABA-gated chloride
channels, eventually they can act as octopamine receptor agonists (Poopathi et al.
2016; Regnault-Roger et al. 2012; Tripathi et al. 2009). Integrity of EOs is greatly
affected by light, temperature, and oxygen availability (Turek and Stintzing 2013)
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and therefore it is favorable to protect the active ingredient by encapsulation.
Application of powders and extracts of Azadirachta indica, Zanthoxylum zanthoxy-
loides, Anacardium occidentale, and Moringa oleifera against Sitophilus oryzae
(L), Oryzaephilus mercator (Faur), and Ryzopertha dominica (Fabr.) with entomo-
cidal activity resulted in the inability of the insects to feed on the paddy coated with
these bioinsecticides and therefore starvation; disruption of the respiratory activities
of insects caused the asphyxiation and death and potential blockage of the insect
spiracles and consecutive suffocation (Ileke and Ogungbite 2014).

Plant extracts containing secondary metabolites such as aliphatic agents, ace-
togenonins, sterols, alkamides, alkaloids, sesquiterpenes, triterpenes, coumarins,
anthraquinones, xanthones, and flavonoids were reported to exhibit neurotoxic
effects on mosquitoes, inhibit the detoxificant enzymes and larval development,
and/or cause midgut damages (Pavela et al. 2019a). Some EO, plant extracts or their
constituents could be considered as a possible alternative to mitigate the harmful
effects of synthetic insecticides on beneficial insect species such as pollinators (e.g.,
Santos et al. 2018; Seixas et al. 2018) or predators of harmful insects (Zandi-Sohani
et al. 2018; Thanigaivel et al. 2018; Chellappandian et al. 2018; Gupta et al. 2017).
Botanical insecticides having adverse effects only on target insects but not destroy-
ing beneficial natural enemies could provide food free from residues (Hikal et al.
2017). On the other hand, botanical insecticides are characterized with short shelf
life, photosensitivity, and volatilization that possess limits to their large scale use in
plant protection (Campos et al. 2016). Therefore, their application in nanoscale for-
mulations could pronouncedly contribute to mitigate these disabilities (de Oliveira
et al. 2014).

Plant-derived compounds used against beetles-pests of stored crops and food,
including extracts of Solanaceae or Asteraceae plants, EOs of Artemisia absinthium
or Citrus spp. as well as some compounds like a-chaconine or a-solanine, and their
mode of action were overviewed by Spochacz et al. (2018).

Isofuranodiene, the dominant volatile compound in the EO from Smyrnium
olusatrum (Apiaceae), encapsulated in MEs showed considerable mortality of lar-
vae over time and a pronounced reduction in adult emergence of Cx. quinquefascia-
tus and only a little impact on non-target organisms, aquatic microcrustacean
Daphnia magna and the earthworm Eisenia fetida (Pavela et al. 2019b). As eco-
friendly insecticide formulations against Cx. quinquefasciatus were reported also
MEs with encapsulated EOs of Pimpinella anisum, Trachyspennum cutuni, and
Crithmum maritimum showing toxic effects against larvae (LCs, values of
1.45-4.01 ml/l), high larval mortality, and low ratio of hatched adults after short-
term exposure to sublethal concentrations but low or no mortality to D. magna and
E. fetida (Pavela et al. 2019c). A contact + ingestion assay using wheat grains con-
firmed that NE prepared using the EO from Pimpinella anisum L. (Apiaceae) con-
taining 81.2% of (E)-anethole with mean droplet size of 198.9 nm and zeta potential
of =254 = 4.47 mV was found to be toxic to Tribolium castaneum Herbst
(Coleoptera: Tenebrionidae) and strongly impacted also its progeny. Pronounced
reduction in beetle progeny number was observed with increasing NE concentra-
tions at prolonged exposure, whereby treatment with 10% NE caused 70.85%
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reduction in progeny production. It could be noted that the major EO constituent of
P. anisum EO, (E)-anethole, could penetrate throughout the cuticle resulting in irri-
tations and strong damage to various body parts of the insect (Hashem et al. 2018).

Melissa officinalis L. EO having as major components geranial, neral, and
B-caryophyllene was reported to be an effective insecticide against 7. castaneum
Herbst causing in a contact bioassay 100% mortality of both larvae and adult insects
following 24 and 48 h exposure. CS NPs loaded with this EO with average particle
size of 362 nm exhibited superb fumigant toxicity as well as repellent activity
against 7. castaneum exceeding that of pure EO or unloaded CS NPs. The ingestion
and penetration of encapsulated EO caused strong harm to the midgut region of the
insect such as loosening and thinning of epithelial cells, with vacuolated nuclei and
modified shapes that triggered feeding deterrence action resulting in the interruption
of further feeding. The toxic effects of the nanoformulation were connected mainly
with oxidative stress, while treated insects did not show any significant alteration in
AChE activity. To the increased efficiency of encapsulated lemon balm EO contrib-
uted also the nanoscale size of the formulation enabling easier passive cellular
absorption of active ingredients (Upadhyay et al. 2019).

Nanogels of myristic acid-CS loaded with EO obtained from cumin, Cuminum
cyminum L., were found to be more toxic to Sitophilus granarius L. and T. confusum
Jacquelin du Val. than the free EO and while after 12 days any insecticidal activity
of the pure EO was detected, nanogel EO formulation lost only ca 60 and 15% of its
activity at application against S. granarius and T. confusum, respectively (Ziaee
et al. 2014).

The ME consisting of carvacrol and methyl salicylate showed efficient insecti-
cidal activity against thrips Anaphothrips obscurus in laboratory and field trials.
This ME applied at a dose of 600.0 g A.I hm=2 was able to control approx. 89.17%
of thrips in peppers, and 82.59% in broad bean on the 7th day post application sug-
gesting synergistic action of active constituents and thus a potential to be used as
biopesticide (Lu et al. 2020).

Larvicidal activity of Rosmarinus officinalis L. EO NEs against Ae. aegypti, in
which the final concentration of EO was 250 ppm, was reflected in mortality levels
of 80 + 10% and 90 + 10%, respectively, observed 24 and 48 h after treatment
(Duarte et al. 2015). R. officinalis-loaded spherical polycaprolactone nanocapsules
with an average size of 145 = 15 nm, zeta potential of —11.0 + 0.5 mV, and a
78.20 + 0.93% EE showed improved fumigant and contact toxicity against 7. casta-
neum compared to pure EO due to the increased surface area and controlled release
of the active ingredients (including o-pinene, 1,8-cineol, camphor, and cis-
verbenone). In a fumigation toxicity test a 24/72 h exposure of 7. castaneum to the
encapsulated EO at 27.76 pl/l air resulted in 96.6/100% of killed insects compared
to 71.6/83.3% at application of the pure oil and 100% mortality was observed also
after 72 h exposure of insects at 19.12 pl/l air to R. officinalis nanocapsules. Similar
results were obtained in contact toxicity test as well (Khoobdel et al. 2017).

Allium cepa EO NEs with droplet size 93.4 nm fabricated by ultrasonic emulsi-
fication for 35 min showed strong acaricidal activity against the two eriophyid olive
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mites Aceria oleae Nalepa (LCsy: 298.225 pg/ml) and Tegolophus hassani (Keifer)
(LCsp: 309.634 pg/ml) (Mossa et al. 2018b).

Investigation of larvicidal and insecticidal effect of Cinnamomum zeylanicum
EO applied as pure oil or in nanostructured form against Alphitobius diaperinus
showed that mortality in larva and adult forms of the insect succeed after treatment
with 5 and 10% EO, while for the killing of the insect in both phases of A. diaperi-
nus life cycle treatments with NE containing 1% EO or with nanocapsules contain-
ing 5% EO were sufficient. Moreover, by encapsulation of EO considerable
reduction of its adverse effects on springtails survival and reproduction was achieved
(Volpato et al. 2016).

Pogostemon cablin EO (containing as main components sesquiterpene hydrocar-
bons) and its nanoformulation fabricated using polyoxyethylene, ethanol, and water
showed superb insecticidal activity and irritability to the leaf-cutting ants: Atta
opaciceps (Borgmeier, 1939), Atta sexdens (Linnaeus, 1758), and Atta sexdens
rubropilosa (Forel, 1908), whereby concentrations needed to kill 50% of workers
were in the range 1.06-2.10 pl/l and ants were dying within 42 h. Moreover, the
reduced displacement and velocity speed of workers of A. opaciceps and A. s.
rubropilosa was observed in arenas totally treated with the essential oil of P. cablin
and its nanoformulation, and in the bioassays with choices, three tested ant species
walked less and at a greater speed on the treated side of arena (Rocha et al. 2018).

NEs of Baccharis reticularia DC. EO containing as main constituent D-limonene
(25.7%) with average droplet sizes ca 90 nm that were applied against Ae. aegypti
showed larvicidal activity and 48 h after treatment LCjs, values of 118.94 g/ml and
81.19 pg/ml, respectively, were observed. The mechanism of action of this EO was
connected with AChE inhibition and treatment with D-limonene NE resulted in mor-
phological alterations of mosquito larvae (Botas et al. 2017).

Solid lipid NPs of Melaleuca alternifolia EO were reported to exhibit both repel-
lent and insecticide action against subterranean termites (Coptotermes gestroi)
(Clerici et al. 2018).

Campolo et al. (2017) tested the insecticidal activity of the citrus peel EO in form
of emulsions or encapsulated in PEG NPs against the invasive tomato pest Tuta
absoluta (Lepidoptera: Gelechiidae). Eggs were found to be less sensitive than lar-
vae to formulations containing EO, which could be explained with the fact that it is
sometimes difficult to reach them with insecticide and the structure of the eggs
protecting the developing embryos may interfere with insecticide penetration. The
treatment with EO emulsions resulted in stronger contact toxicity to eggs and larvae
reflected in higher mortality rate compared to treatment with EO NPs, which could
be caused by significantly lower ratio of EO contained in the NPs (ca 10%) com-
pared to pure EO and therefore the EO concentration coming in contact with eggs
and larvae was not sufficient to initiate the required biological response. On the
other hand, ingestion of EO NPs by larvae exhibited more detrimental impact than
the respective EO emulsions.

Neem (Azadirachta indica A. Juss) products exhibit behavioral, physiological,
and biological effect on insects and were reported to control more than 300 insect
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species (Nagaraj 2009). Among more than 200 active compounds isolated from
neem, the tetranortriterpenoid azadirachtin (AZA), the crucial component of neem
oil, shows insecticidal activity acting as an antifeedant, repellent, and repugnant
agent and it could prevent oviposition and interrupt sperm production in male’s
insects resulting in the sterility. The bioinsecticide AZA could be used to replace
synthetic toxic insecticides (Chaudhary et al. 2017; Morgan 2009). Low-energy
emulsification method was applied to prepare environmentally benign NE formula-
tions of neem EO with particle diameters 208-507 nm for the control of adult
S. oryzae (Coleoptera: Curculionidae) and 7. castaneum. S. oryzae adults were
found to be more susceptible than 7. castaneum adults to NE formulations. Using
food impregnation method a 100% mortality of S. oryzae adults was observed fol-
lowing 24 h exposure to the neem EO NE prepared with polysorbate surfactant and
2.0 ml/kg AZA (Choupanian and Omar 2018). After 2 days of exposure to 1% AZA
NE the contact toxicity resulted in 85-100% and 74—100% mortality of S. oryzae
and 7. castaneum adults, respectively (Choupanian et al. 2017). da Costa et al.
(2014) tested the effects of nanoformulated neem products in powder (NC), soluble
powder prepared with neem oil (SP), and neem oil emulsifiable concentrate (EC) on
the bean weevil, Zabrotes subfasciatus, and found that the highest mortality of the
insect caused treatment with neem oil ECs containing 1000, 2000, and 4000 ppm of
AZA applied at a dose 0.3% (w/v) and the EC formulations also caused reduction
of the total number of oviposited eggs. On the other hand, the greatest UV stability
was estimated for NC, while SP was found to release AZA more rapidly than the
preparation fabricated using biopolymers. Microcapsules of sugarcane bagasse lig-
nin loaded with organic extracts of neem showed increased thermal and photostabil-
ity of ca 40% compared with control samples and were able to cause 100% mortality
of Spodoptera frugiperda and Diatraea saccharalis insects in shorter time than the
controls (Costa et al. 2017). Nanoformulation of neem bark extract crosslinked with
polycarboxylic acids loaded on the biogenic SiO, NPs derived from Equisetum
arvense showed slow-release properties (60—75% released after 30 days), ameliora-
tion in the neem extract stability, and free radical scavenging activity and was able
to kill the major workers of Acromyrmex crassispinus ant species (Mattos et al.
2017). Maize leaves treated with nanoformulations of encapsulated neem fabricated
using poly(e-caprolactone), poly(pB-hydroxybutyrate), or poly(methyl methacrylate)
were offered to first instar larvae of S. frugiperda during 10 days. It was found that
although treatment with some nanopreparations resulted in insect mortality and sub-
lethal effects up to 3 and 7 days after spraying, respectively, the effect of commer-
cial neem oil was higher. On the other hand, all treatments showed phagodeterrence
at 1 day after spraying, although this was lost over time (Giongo et al. 2016).
Nanoformulations of neem oil showing controlled release of the insecticide were
also formulated by some other researchers (e.g., Jerobin et al. 2012; Feng and Peng
2012; Kumar et al. 2010; Sittipummongkol and Pechyen 2018; Mattos et al. 2017).
Forim et al. (2013) prepared NPs and MPs loaded with extracts of A. indica, with
EE of about 100%, release profile of which based on swelling and relaxation of the
polymer or polymer erosion, causing 100% mortality of P. xylostella larvae.
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Rotenone is a naturally occurring compound with insecticidal activity that inter-
rupts mitochondrial complex I of the electron transport chain and also elicits mito-
chondrial dysfunction. Rotenone could impair neuronal polarization in cultured
hippocampal neurons and cause the inhibition of axonogenesis, which could be
connected with its effect on microtubule dynamics, the actin cytoskeleton and their
regulatory pathways, small RhoGTPase RhoA being especially affected (Bisbal and
Sanchez 2019). As suitable carrier for rotenone N-deoxycholic acid-O-glycol CS
was reported; up to 41 h longer release of the insecticide from the micelles of modi-
fied CS was observed compared to free rotenone (Yusoff and Kamari 2018).
Controlled release properties showed also deoxycholic acid carboxymethyl CS
micelles (67.5-83.3 nm) (Aljafree and Kamari 2018) and oleoyl-carboxymethyl CS
micelles (35.5-66.4 nm) with encapsulated rotenone (Kamari et al. 2016).

5 Natural Minerals

Diatomaceous earth (DE) is nearly pure amorphous SiO,, fabricated of fossilized
diatoms showing insecticidal activity. It can absorb epicuticular lipids and fatty
acids causing desiccation in arthropods (Shah and Khan 2014). Particles of insecti-
cidal DE with diameters <10 pm, pH <8.5, marginal number of clay particles, and
<1% crystalline SiO, could be easily picked up by rough bodied insects, and the
cuticule damaged by hydrocarbon absorption and abrasion will be permeable to
water and the insects die from desiccation (Korunic 1998). The toxicity of SiO, and
Al,O; NPs to insects is also connected with their binding to the insect cuticle, and
following physical sorption of waxes and lipids causes dehydration of the organism
(Benelli 2018a). The insecticidal activity of several porous materials including dia-
tomaceous earth and zeolites against pharaoh ant (Monomorium pharaonis)
depended predominantly on macroporous surface area and Brunauer—-Emmett—
Teller (BET) specific surface area, and the removal of the protective epicuticular
hydrocarbons resulted in the mortality of insects (Van den Noortgate et al. 2018).

On the other hand, nanoscale zeolites could reduce the bioavailability of syn-
thetic insecticides due to their sorption properties that results in reduced toxicity of
the insecticide (Lorenz et al. 2017a). Exposure of eggs of tomato leafminer
T. absoluta to zeolites showed adverse effect on the development process reflected
in the weakening the first instar larvae and increased mortality (De Smedt et al.
2016). In crop protection zeolites are predominantly used as carriers of different
active ingredients in slow-release applications (De Smedt et al. 2015).

Using DE Debnath et al. (2010) prepared Al,O; NPs and amorphous SiO, NPs
showing strong activity against mustard aphid (Lipaphis pseudobrassicae); how-
ever, Al,O; NPs adversely affected the growth of mustard crops. On the other hand,
the insecticidal activity of TiO, NPs against mustard aphid was only moderate.
Bioactivity of DE against various insects such as the subterranean termite
Reticulitermes chinensis Snyder (Isoptera: Rhinotermitidae) (Gao et al. 2018b),
storage pests Liposcelis paeta, Cryptolestes ferrugineus, R. dominica, and
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T. castaneum (Saeed et al. 2018), lesser mealworm (Alphitobius diaperinus Panzer,
1797 [Coleoptera: Tenebrionidae]) (Oliveira et al. 2017) or Acanthoscelides obtec-
tus (Say) on chickpeas (Cicer arientum L.) (Alkani et al. 2019) and insecticidal
potential of zeolites against S. oryzae and Oryzaephilus surinamensis (Eroglu et al.
2019) or Acanthoscelides obtectus (Floros et al. 2018) was reported as well.

Entomotoxicity of amorphous hydrophilic, hydrophobic, and lipophilic SiO,
NPs (15-30 nm) against rice weevil S. oryzae exceeded that of bulk SiO, particles
(>1 pm) causing >90% mortality of insects (Debnath et al. 2011). The pulse seeds
of Cajanus cajan, Macrotyloma uniflorum, Vigna mungo, Vigna radiata, C. arieti-
num, and Vigna unguiculata treated with SiO, NPs were found to be protected to a
great extent against the infestation of stored pulse beetle, Callosobruchus macula-
tus, which was reflected in strong reduction in oviposition, adult emergence, and
seed damage potential, whereby the treatment did not affect the soil microflora.
Complete suppression of insect growth was observed in the treated seeds of pigeon
pea (Arumugam et al. 2016). In a laboratory experiment Shoaib et al. (2018b) inves-
tigated the entomotoxic effects of SiO, NPs in form of dust on larvae of P. xylostella
and at application of a dose of 1 mg/cm? up to 58% and 85% mortality was observed
at 24 and 72 h after treatment and larvae died due to desiccation, body wall abra-
sion, and spiracle blockage. Seven days after treatment with SiO, NPs Hala and
Elsamahy (2016) estimated LCs, values related to the mean lethal concentrations as
316.9, 115.63, and 112.4, 83.0 ppm, for the carmine spider mite, Tetranychus cin-
nabarinus (Boisduval) and the two spotted spider mite, Tetranychus urticae (Koch)
adult females and eggs, respectively. In predatory species of these insects the SiO,
NPs caused significantly higher mortality in spider mite destroyer, Stethorus punc-
tillum (Weise) (97.5%) than in minute pirate bug Orius insidiosus (Say) (32.5%) or
predatory mite, Phytoseiulus persimilis (Athias-Henriot) (35%). Investigation of the
impact of SiO, NPs on third larval instar of the oriental armyworm, Mythimna sepa-
rata (Walker) (Lepidoptera: Noctuidae) showed that at soil treatment and foliar
treatment of wheat plants feeding inhibition rate reaching 37.16 and 43.91%,
respectively, reduced relative growth rate, caused prolongation of larval stage period
by ca 4 days and spraying with SiO, NPs resulted in 67.69% mortality of larvae
(Mousa et al. 2014). In an in vivo study Khandelwal et al. (2015) observed that on
8th day after feeding of Helicoverpa armigera with SiO, nanospheres and rods con-
taining immobilized Capsicum annuum proteinase inhibitor (CanPI-13) the insect
body mass was reduced by ca 40%. At pH 10 simulating gut milieu of the insect,
56% of the bioactive peptide were released. SiO, NPs Aerosil® and Nanosav exhib-
ited strong toxicity against R. dominica F. and T. confusum Jacquelin du Val.,
R. dominica being the more susceptible insect, whereby SiO, NPs applied on wheat
and peeled barley (50-300 mg/kg) were found to be more effective in wheat grain
(Ziaee and Ganji 2016).

Hydrophobic SiO, NPs applied at concentration 112.5 ppm showed strong toxic-
ity also on several mosquitos’ species. The larvicidal activity of SiO, NPs decreased
in the order: Anopheles stephensi > Ae. aegypti > Cx. quinquefasciatus, while their
pupicidal effect decreased in the order of A. stephensi > Cx. quinquefasciatus > Ae.
aegypti (Barik et al. 2012). Analysis of the effect of SiO, NPs (bare SiO, particles
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of 14 nm, 380 nm, and 1430 nm and amine-modified particles of 131 nm and
448 nm, respectively) on the viability of S. frugiperda cells (Sf9 cell line) showed
that the 14 nm NPs exhibited the highest toxicity, while lower concentrations of
positive charged NPs (0.12 or 0.6 mg/ml) stimulated the proliferation of the cells
(Santo-Orihuela et al. 2016). SiO, NPs functionalized with mercaptopropyl-
triethoxysilane and hexamethyldisilazane were reported as effective insecticide
against S. litura larvae (Debnath et al. 2012).

SiO, NPs and ZnO NPs, which were tested against the newly hatched larvae of
the pink bollworm, Pectinophora gossypiella (Saunders) (Lepidoptera: Gelechiidae),
pronouncedly disrupted the transaminases and carbohydrate enzymes, total lipids,
and proteins and were reported to be suitable for controlling this insect (Derbalah
et al. 2014).

Investigation of insecticidal impact of nano- to microsized a-Al,O; powders
against Acanthoscelides obtectus (Say) (Coleoptera: Chrysomelidae: Bruchinae)
showed that survival and progeny number of the insect was reduced with increasing
of surface area, pore volume, and diameter, and a decrease in particle size, whereby
the adverse effect was more pronounced against males (LCs, = 330.4 ppm) than for
females (LCsy = 409.6 ppm) (Lazarevic et al. 2018). Nanostructured Al,O; showed
higher toxicity against workers of Acromyrmex lobicornis than DE (LCs, of
0.14 mg/g vs. 0.36 mg/g) and also more effective attaching to the cuticle of exposed
insects. Moreover, the ants were repelled by Al,O; NPs neither in laboratory nor in
field conditions (Buteler et al. 2018). Under laboratory conditions treatments with
nanostructured AL,O; (250 and 500 ppm) reduced grain weight loss and frass pro-
duction in wheat infested by S. oryzae and caused progeny (F1) suppression more
effectively than DiatomiD®, and Protect-I1t® (commercial diatomaceous earth)
(Lopez-Garcia et al. 2018).

Insecticidal effects of nanostructured Al,O; dusts fabricated using a modified
glycine-nitrate combustion process was higher on S. oryzae than on R. dominica, it
depended on particle size, particle morphology, and surface area and minimizing
particle size and maximizing surface area were found to belong to crucial factors
affecting insecticidal effectiveness (Buteler et al. 2015).

6 Carbon-Based NPs

The ingesting of water-soluble nanocarbons at a dose of 3 mg/l blocked the growth
of the mosquito from the larval stage to adulthood and larvae perished after 4 weeks
(Saxena et al. 2013). Investigation of the insecticidal activity of 11 different carbon
materials against the pharaoh ant (Monomorium pharaonis) showed the shortest
median survival time, 25 min, for treatment with activated carbon powder, which
was ca fourfold lower than that observed with diatomaceous earth, whereby deter-
mined insecticidal activity of activated carbon predominantly depended on the par-
ticle size (Van den Noortgate et al. 2019). Structures of carbon-based nanoinsecticides
are illustrated in Fig. 9. The details of preparations of carbon-based nanomaterials,



192 J. Jampilek et al.

a b COOH COOCH

Fig. 9 Carbon-based nanoinsecticides: Cg, fullerene (a), graphene oxide (b), single-walled nano-
tubes, (¢) and multi-walled nanotubes (d)

their physico-chemical and biological properties were reviewed by Plachd and
Jampilek (2019).

Graphene quantum dots (GQDs) showed toxic effects on A. stephensi with LCs
values ranging from 0157 (larva I) to 6.323 ppm (pupa) and post-treatment with
GQDs increased the predation efficiency of non-target organisms Gambusia affinis,
Anax immaculifrons, and Hoplobatrachus tigerinus (Murugan et al. 2017).

Sediment-associated fullerenes (nCg) were reported to have adverse effect on
the growth and development of the sediment-dwelling invertebrate Chironomus
riparius larvae. The small agglomerates of nCg, observed at doses 0.0025-20 mg/kg
decreased the body length, at a dose of 0.5 mg/kg delayed emergence rate was esti-
mated, while larger agglomerates occurring at high nCy, dose (80 mg/kg) were not
toxic (Waissi-Leinonen et al. 2015).

Graphene oxide (GO) NPs strongly affect insect antioxidant and detoxifying
enzymes causing oxidative stress and cell death (Benelli 2018a). Oxidative stress
reflected in increased enzymatic activity of catalase and glutathione peroxidases
and total antioxidant capacity levels were observed in Acheta domesticus (L.) crick-
ets after injection of GO NPs into insect hemolymph (Dziewigcka et al. 2016). GO
was found to show the synergistic activity with insecticides p-cyfluthrin, monosul-
tap, and imidacloprid on lepidoptera insect Asian corn borer (Ostrinia furnacalis)
resulting in the 2.1-, 1.51-, and 1.83-fold activity enhancement compared to indi-
vidual insecticides. The synergistic mechanism could be connected with physical
damage to the cement layer of insects leading to dramatic water loss in the insects
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and with improved penetration of insecticides through the disrupted cement layer
(Wang et al. 2019b).

Exposure of carbon black and single-walled carbon nanotubes (SWNTs) in dry
form to D. melanogaster adults resulted in their strong adhesion to fly surfaces,
outperformed natural grooming mechanisms, and deteriorated locomotor function
and mortality, while fullerene and multi-walled carbon nanotube (MWNT) arrays
showing weak adhesion did not affect locomotor function or survivorship (Liu
et al. 2009).

Carbon nanomaterials, such as oxidized MWCNTs and GO, in the diet of S. fru-
giperda larvae (fed from egg hatching to pupation) exhibited adverse impact on the
reproductive parameters and the digestive and metabolic efficiency of the insect,
especially GO applied at a dose of 1 mg/g caused considerable reduction of the
fecundity and fertility of S. frugiperda and attenuated efficiency of food conversion
into biomass and digestibility (Martins et al. 2019).

MWNCTs and carboxylated MWCNTs did not exhibit toxic effects against the
infective juveniles of entomopathogenic nematodes Steinernema feltiae (Owinema,
Namasys, Nemaplus) and Heterorhabditis bacteriophora (Namatop), however they
limited the activity of these species (Kuzniar et al. 2011). Injected MWCNTs were
found to be incorporated into cells in early D. melanogaster embryos, they remained
cytoplasmic and were excluded from the nucleus and a rise in cell death of ectoder-
mal but not of neural stem cells suggested stem cell-specific vulnerability to
MWCNT exposure (Liu et al. 2014).

7 Metal Nanoparticles

The toxicity of metal NPs to living organisms is caused not only by the chemical
properties of respective metals and the release of toxic metal ions from NPs but the
additional stress occurring due to the surface, nanoscaled size, and shape of these
NPs also significantly contributes to their toxicity (Masarovi¢ova and Kralova
2013; Masarovicova et al. 2014; Kral'ova et al. 2019). Nanoscale metal particles can
reduce membrane permeability by binding to sulfur and phosphorus atoms in pro-
teins and nucleic acids resulting in organelle and enzyme denaturation followed by
cell death (Benelli 2018a; Jampilek and Kralova 2015, 2017a, b; Pisarcik et al.
2016, 2017, 2018). For example, AgNPs could permeate cell membranes, which
results in higher levels of intracellular Ag* resulting in cytotoxic and genotoxic
effects, they induce oxidative stress with consecutive local depletion of glutathione
and other antioxidants (Jampilek and Kral'ova 2015, 2017a, b; Pisarcik et al. 2016,
2017, 2018). AgNPs could reduce AChE activity, modify the expression of key
insect genes, adversely affect protein synthesis and gonadotropin release, which
result in developmental damages and reproductive malfunction (Benelli 2018a).
Using in vivo model of D. melanogaster Alaraby et al. (2019) showed that AgNPs
crossed the intestinal barriers and produced primary DNA damage by inducing oxi-
dative stress, even though the effect of AgNO; was stronger than that of AgNPs.
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Ingestion of AgNPs in D. melanogaster during adult stage adversely affected egg
laying capability, impaired growth of ovary and resulted in reduced survival of lar-
vae suggesting deleterious impact of AgNPs to the reproductive health and survival
of the insect. Moreover, trans-generational effect of AgNPs was also observed with-
out feeding progeny (Raj et al. 2017). Thus, AgNPs are considered as a very effec-
tive nanoweapon against mosquitoes, because their use is connected with low risk
of developing resistance in long-term usage (Muthukumaran et al. 2015; Rouhani
et al. 2012; Shanmugasundaram and Balagurunathan 2015; Singh and Mishra 2014;
Soni and Prakash 2014; Sutthanont et al. 2019).

Investigation of the impact of AgNPs on Bombyx mori using omics technologies
showed that feeding of the insect with higher concentrations of AgNPs resulted in
downregulation of the expression of digestive enzymes. Consequently, the silkworm
tissue was damaged and the AgNPs-induced oxidative stress adversely affected the
silkworm digestive system. Destroyed basal lamina and columnar cells were esti-
mated following treatment with 400 mg/l AgNPs (Chen et al. 2019).

Nanosized Ag crystals with Bauhinia acuminata phytochemicals as capping
agents showing mean particle size of 25 nm exhibited larvicidal activity against
A. stephensi, Ae. aegypti, and Cx. quinquefasciatus with LCs, values of 24.59,
27.19, and 30.19 pg/ml, respectively, pronouncedly exceeding that of pure B. acu-
minata aqueous leaf extract (204.07, 226.02, and 249.24 pg/ml, respectively)
(Alharbi et al. 2018). AgNPs fabricated using entomopathogenic fungus Beauveria
bassiana were reported to show biological efficiency against mustard aphid
(Lipaphis erysimi Kalt.) (Kamil et al. 2017). Spherical poly-dispersed Ag nanocom-
posites (NC) fabricated using the aqueous stem extract of Achyranthes aspera and
AgNO; showing mean size of 1-30 nm were recommended as environment-friendly
alternative to synthetic insecticide formulations for mosquito control. The larvicidal
activity of these NCs against early fourth instars of Ae. aegypti depended on the
used AgNO; concentration and the LCs, values estimated in 48/72 h bioassays were
1.113/0.610 pg/ml and 0.420/0.407 pg/ml for application of 3 and 4 mM of NC
(Sharma et al. 2019).

The AgNPs prepared using Curcuma zedoaria EO, which were investigated
against larvae of insecticide-sensitive and insecticide-resistant strains of Cx. quin-
quefasciatus, were able to cause 100% larval mortality within 24 h of exposure and
the estimated LC5y/LCyy values against the sensitive strain were 0.57/8.54 ppm and
0.64/8.88 ppm against the resistant strain. On the other hand, using EO alone at
similar conditions, the determined LCsy/L.Cyy values were 36.32/85.11 ppm against
the susceptible, and 37.29/76.79 against the resistant strain, respectively (Sutthanont
etal. 2019). Eco-fabricated AgNPs using Carmona retusa (Vahl) Masam leaf extract
exhibited efficient larvicidal activity against A. stephensi, Ae. aegypti, and Cx. quin-
quefasciatus with LCs, values of 116.681 ppm, 198.766 ppm, and 83.553 ppm,
respectively (Rajkumar et al. 2018). AgNPs biosynthesized using seaweed
Sargassum polycystum with mean particle sizes 20-88 nm exhibited effective larvi-
cidal activity against Ae. aegypti and moderate toxicity against Cx. quinquefasciatus
(90 and 80% mortality after 72 h exposure), while their impact on A. stephensi and
Cx. tritaeniorhynchus larvae was less pronounced (Vinoth et al. 2019). Based on the
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LCs, value of 5.93 mg/l related to the larvicidal activity of AgNPs biosynthesized
using Garcinia mangostana bark extract against fourth instar larvae of Ae. aegypti
it could be concluded that nanoscale silver particles could penetrate the insect cuti-
cle and pass into individual cells and thus interfere with molting and some other
physiological processes (Karthiga et al. 2018).

Treatment of A. aegypti mosquito larvae with green fabricated AgNPs using
Schinus molle extract was found to be ca 16.4-fold more effective than application
of plant crude extract (LCs, values of 13.894 vs. 228.345 ppm) (Hamed et al. 2018).
Similar results were obtained at treatment of Ae. aegypti larvae with AgNPs pre-
pared using Chrysanthemum extract when the insecticidal activity of AgNPs was
17.9-fold higher than that of the plant extract (LCs, values of 12.754 ppm vs.
228.345 ppm) (Ghrambh et al. 2018). AgNPs green synthesized using the leaf extract
of the orchid Zeuxine gracilis showed effective insecticidal activity against the lar-
vae of A. stephensi, Ae. Aegypti, and Cx. quinquefasciatus with LCs, values of 8.48,
10.39, and 13.21 A pg/ml, respectively (Kovendan et al. 2018). AgNPs (35-55 nm)
fabricated using stearic acid from Catharanthus roseus leaf extract applied at a con-
centration of 200 ppm showed high antifeedant and larvicidal activities (87.13%
and 93.77%, respectively) against Earias vittella, whereby the corresponding LCs,
values were 45.46 and 25.12 ppm, respectively. These AgNPs also exhibited acute
toxicity against Cx. quinquefasciatus and Ae. aegypti (LCsy < 40 ppm) (Pavunraj
et al. 2017).

The larvicidal activities of AgNPs fabricated using Habenaria plantaginea leaf
extract against A. stephensi, Ae. aegypti, Cx. quinquefasciatus, Anopheles subpic-
tus, Aedes albopictus, and Cx. tritaeniorhynchus expressed by LCs, values were
12.23,13.38, 14.78, 14.37, 15.39, 16.89 pg/ml, respectively, and were considerably
lower than those observed with H. plantaginea extract (102.51, 111.99, 123.47,
123.96, 136.56, 149.42 pg/ml, respectively). Both H. plantaginea extract and
AgNPs showed only minor toxicity to Anisops bouvieri, Diplonychus indicus,
Poecilia reticulata, and Gambusia affinis, natural enemies predating mosquito lar-
vae and pupae, with LCs, values in the range from 831.82 to 36,212.67 pg/ml
(Aarthi et al. 2018). AgNPs fabricated using Suaeda maritima extract exhibited
larvicidal and pupicidal activity against Ae. aegypti showing LCs, values in the
range from 8.668 (larvaI) to 17.975 ppm (pupa), while LCs, values against S. litura
ranged from 20.937 (larva I) to 46.896 ppm (pupa). Exposure to 20 ppm of AgNPs
or 250 ppm of S. maritima extract was able to reduce egg hatchability by 100%
(Suresh et al. 2018). Morejon et al. (2018) reported LCsy/LCyy values related to
insecticidal activity of AgNPs fabricated using leaf extracts of Ambrosia arbores-
cens against third instar larvae of Ae. aegypti as 1844.61/6043.95 ppm.

The AgNPs (22.5-66.2 nm) fabricated using alkaloids of Peganum harmala
L. seeds exhibited considerable insecticidal and growth-inhibiting activities against
khapra beetle, Trogoderma granarium (Everts) (Coleoptera: Dermestidae) exceed-
ing that of pure alkaloids. Considerable decline in the normal growth and develop-
ment of 7. granarium was observed following feeding the second instar larvae with
grains treated with sublethal concentrations of AgNPs and adverse impact was also



196 J. Jampilek et al.

reflected in a high portion of malformed larvae and pupae, a prolonged life span of
pupae, and in notable drop in adult emergence (Almadiy et al. 2018).

In an experiment, in which AgNPs prepared using the extract of jujube Ziziphus
sp. were applied to whitefly infested Al-Mustakbal eggplant hybrid grown in a
greenhouse, it was shown that exposure to 3000 ppm AgNPs resulted in 100%
reduction of population density of Bemisia tabaci nymphs after 1, 3, 7 days and in
80% reduction 21 days after treatment (Al Shammari et al. 2018).

Benelli et al. (2018) investigated the ovicidal, larvicidal, and adulticidal toxicity
of AgNPs (40.2-70.4 nm) prepared using Acacia caesia leaf extract against three
mosquito vectors. The larvicidal activity of AgNPs expressed by LCs, values
decreased as follows: A. subpictus (10.33 pg/ml) > Ae. albopictus (11.32 pg/
ml) > Cx. tritaeniorhynchus (12.35 pg/ml), and LDs, values estimated in adulticidal
assays showed a similar rank and they were 18.66, 20.94, and 22.63 pg/ml; com-
plete inhibition of egg hatchability on three tested vectors was observed at 60, 75,
and 90 pg/ml, respectively. The AgNPs were found to show moderate toxicity
against non-target aquatic biocontrol agents A. bouvieri, D. indicus, and Gambusia
affinis, with LCs, values ranging from 684 to 2245 pg/ml.

AgNPs prepared using aqueous extract of Cassia fistula fruit pulp exhibited
insecticidal activity against Cx. pipiens pallens with LCs, values ranging from
1.1 mg/L (I instar larva) to 19.0 mg/L (pupae) and Ae. albopictus with LCs, values
ranging from 8.3 mg/L (I instar) to 17.3 mg/L (pupae). At higher doses of AgNPs
the internal toxic effects of tiny particles inside cuticle could cause the mortality of
larvae and pupae because of absorption of high quantity of AgNPs by larval body.
Moreover, binding of AgNPs to sulfur in proteins and phosphorus in nucleotides of
DNA results in the denaturation of some organelles and enzymes. The exposure of
the larvae of both tested insects to AgNPs notably reduced the total protein level and
disturbed the protein metabolism in the larvae suggesting direct toxic effect of
AgNPs on the protein synthetic machinery of the larvae. Treatment with AgNPs
significantly reduced the level of AChE activity as well (Fouad et al. 2018).

Ingestion of AgNPs by D. melanogaster larvae reduced the diversity of the gut
microbiota causing an increase in the predominance of Lactobacillus brevis and a
reduction in Acetobacter compared to control and insects treated with AgMPs,
while delayed development, shortened adult longevity, and decreased sperm compe-
tition were observed in medium containing CuNPs and CuMPs as well (Han et al.
2014). Ag and Ag-Zn NPs applied against the oleander aphid, Aphis nerii Boyer de
Fonscolombe, showed LCs, values of 424.67 and 539.46 mg/ml, respectively, high-
est insect mortality being observed at 700 mg/ml (Rouhani et al. 2012). Ibrahim and
Ali (2018) observed developmental and physiological changes in the larvae and
pupae of S. littoralis (Lepidoptera: Noctuidae) induced by sublethal concentrations
of AgNPs (50-60 nm) and ZnO NPs (10-30 nm). Late second instar larvae of S. /iz-
toralis treated with NPs dipped castor leaves (10 mg/ml) for 6 days had reduced
weight gain and pupal weight compared to control. ZnO NPs ingestion was found
to affect the digestive and immunological physiology and the development of the
insect, which was reflected in reduced levels of proteins, lipids, and carbohydrates
and a considerable enhancement of the activities of some enzymes, including
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catalase and superoxide dismutase; ZnO NPs also extended larval period. Exposure
to AgNPs increased plasmatocytes and their impact on the contents of protein, lip-
ids, and carbohydrates was lower than that of ZnO NPs.

Ingestion of AuNPs (15 and 30 nm) contained in food at a dose of 87.44 pg/g
reduced ootheca viability of Blattella germanica females and decreased the number
of hatched nymphs by 32.8% compared to control. Exposure to AuNPs also
decreased the number of nymphs that molted to second and third instars by 35.8%
and reduced life span (Small et al. 2016). The larvicidal activity of AuNPs biosyn-
thesized using extract of the Turbinaria ornata (Turner) J. Agardh 1848 seaweed
against fourth instar larvae of A. stephensi expressed by LCsy/LCy, values was
12.79/78.70 pg/ml exceeding that of pure seaweed extract (37.77/159.55 pg/ml).
The application of green synthesized metal NPs against mosquitoes is favorable
because long-term use of synthetic insecticides could cause insect resistance to
these chemicals, adversely affect non-target aquatic organisms, and disturb the
microbial community of the soil (Deepak et al. 2018), even though the possible
toxicity of residual metal ions in the aquatic ecosystems could be considered
(Benelli et al. 2017). The insecticidal activities of AuNPs on selected insect species,
including Ae. aegypti, A. stephensi, and Cx. quinquefasciatus, were overviewed by
Benelli (2018b). A review paper focused on the toxicity of AgNPs on insects such
as Bombyx mori was presented by Pandiarajan and Krishnan (2017).

CuNPs (50-100 nm) prepared using Aegle marmelos Correa aqueous leaf extract
showed improved larvicidal activity against A. stephensi (LCs, of 500.06 ppm) than
the crude leaf extracts or the insecticide temephos (Angajala et al. 2014). Toxic
effects of CuNPs on hematophagous (blood feeding) larvae of A. subpictus Grassi,
Cx. quinquefasciatus, and Rhipicephalus (Boophilus) microplus were estimated by
Ramyadevi et al. (2011). CuNPs green synthesized using the whole cell biomass of
Fusarium proliferatum exhibited larvicidal activity against A. stephensi, Ae. aegypti,
and Cx. quinquefasciatus mosquitoes with LCs, values of 39.25 png/ml, 81.34 pg/ml,
and 21.84 pg/ml (Kalaimurugan et al. 2019).

The impact of chemically fabricated iron-based NPs against Cx. quinquefascia-
tus I instar larvae and pupae was expressed by LCs, values that varied in the range
from 20.9 (larvae) to 43.7 ppm (pupae) for treatment with Fe(0) NPs and from 4.5
(I instar larvae) to 22.1 ppm (pupae) for the treatment with Fe,O; NPs. It could be
noted that a single exposure to sublethal doses of both NPs magnified the predation
efficiency of the guppy fish, Poecilia reticulata (Murugan et al. 2018a). Core-shell
nanohybrid fabricated using surface active maghemite NPs as a core having chlorin-
e6 photosensitizer as the shell showing high photocidal activity on Ae. aegypti lar-
vae could represent a safe alternative to conventional insecticides (Magro et al.
2019). FeS NPs synthesized using Artemisia herba-alba leaves extract as reducing
and stabilizing agent of the size ca 40 nm showed insecticidal activity against the
green peach aphid showing LCs, values of 251 and 302 ppm, respectively, against
the early and late nymphal instars of the insect (Asoufi et al. 2018a). The biosynthe-
sized FeNPs of 40 nm also exhibited pronounced impact on the green peach aphid
longevity and fecundity for three generation (Asoufi et al. 2018b).
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ZnO NPs green synthesized using Pongamia pinnata leaf extract with mean par-
ticle size of 21.3 nm and zeta potential of —12.45 mV reduced the fecundity (eggs
laid) and hatchability of Callosobruchus maculatus, pronouncedly delayed the lar-
val, pupal, and total development period of the treated insect, reduced the activities
of some important enzymes, and caused 100% mortality at a dose 25 pg/ml.
Moreover, in treated insects reduced activities of the midgut a-amylase, cysteine
protease, P-glucosidase, glutathione S-transferase, and lipase were observed
(Malaikozhundan and Vinodhini 2018). ZnO NPs biosynthesized using Ulva lactuca
seaweed extract applied at a dose of 50 pg/ml were reported to cause 100% mortal-
ity of Ae. aegypti fourth instar larvae within 24 h (Ishwarya et al. 2018). Brown
macroalga Sargassum wightii Greville ex J. Agardh extract was used to fabricate
ZnO NPs showing insecticidal activity against A. stephensi with LCs, value ranging
from 4.330 (larva I) to 7.430 ppm (pupa) and against Helicoverpa armigera Hubner
with LC;s, ranging from 12.278 (larva I) to 20.798 ppm (pupa). Moreover, the ZnO
NPs greatly reduced longevity and fecundity of both insects as well as food con-
sumption of H. armigera individuals. On the other hand, the predation efficiency of
non-target guppy Poecilia reticulata against I and II instar larvae of A. stephensi
showed a ca 1.3-fold increase in a ZnO NPs-contaminated environment (Murugan
et al. 2018c). Ingestion of ZnO NPs caused considerable toxicity in F1 progenies of
D. melanogaster and caused reduction in the egg-to-adult viability of the flies,
which was associated with the induction of reactive oxygen species (ROS) by metal
NPs (Ng et al. 2017). Increased ROS level in the D. melanogaster testis due to expo-
sure to AgNPs resulted in the reduced number of germline stem cells compared to
control by stimulating premature differentiation of these cells (Ong et al. 2016).
Bacillus thuringiensis coated ZnO NPs with average particle size of 20 nm and zeta
potential of —12.7 mV also decreased the fecundity (eggs laid) and hatchability of
Callosobruchus maculatus and treatment with 25 pg/ml caused 100% mortality of
the insect. The corresponding LCs, value of 10.71 pg/ml and decreased activities of
midgut a-amylase, cysteine protease, a-glucosidase, and glutathione S-transferase
(GST) in treated insects were observed as well (Malaikozhundan et al. 2017).

CuO, ZnO, and MgOH NPs green synthesized using aqueous extracts of Punica
granatum peels, Olea europaea leaves, and Chamaemelum nobile flowers with par-
ticle sizes ranging from 5 nm to 80 nm caused mortality of Myzus persicae Sulzer
(Homoptera: Aphididae), MgOH NPs being the most efficient (Ghidan et al. 2018).
Si0,, TiO,, and ZnO NPs-assisted controlled release of methyl eugenol (synthetic
insect attractant) from lure dispensers was found to be maximal at 10~ dilution in
the temperature range 30-35 °C, whereby the highest number of fruit fly catches for
up to 12 weeks was observed with TiO, NPs (Dharanivasan et al. 2017).

Sunderland and McNeil (2017) investigated the effectiveness of nanosized TiO,
desiccant to protect wool carpets and other fabric made proteinaceous fibers against
Anthrenocerus australis and Tineola bisselliella and found that it was more difficult
to reduce the feeding of T. bisselliella on carpet, than on fabric. In silkworms fed with
TiO, NPs promoted 20-hydroxyecdysone biosynthesis, shortened developmental
progression, and reduced duration of molting was observed (Li et al. 2014). In con-
trast, administration of TiO, NPs in diet pronouncedly increased the body size of
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B. mori and upregulated the insulin/ecdysteroid signaling genes (Shi et al. 2017) and
increased cocoon mass, cocoon shell mass, and the ratio of cocoon shell (Li et al.
2016). Pretreatment with TiO, NPs mitigated the phoxim-induced midgut injury and
reduced oxidative stress in the midgut of B. mori, which was reflected in increased
body weight and survival (Wang et al. 2015b). In silkworms treated with TiO, NPs at
30 °C the expression of antioxidant genes was stimulated resulting in reduced oxida-
tive stress suggesting that TiO, NPs could mitigate the high-temperature induced
oxidative stress to the insect (Li et al. 2018). Cytotoxic effects on midgut was
observed in the third instar larvae of D. melanogaster fed by TiO, NPs (0.08 to
1.60 mg/ml). The primary DNA damage observed following TiO, NPs exposure in
D. melanogaster evaluated using the comet assay was explained as to be associated
with specific physicochemical properties of TiO, NPs (Carmona et al. 2015).

Positively charged CeO, NPs had no effect on the growth of the third instar lar-
vae of D. melanogaster, while the negatively charged ones were found to delay the
growth of larvae by ca 7 days (Parimi et al. 2019). Treatment with 0.250 mg/l of
CeO, NPs mycosynthesized using Aspergillus niger culture filtrate caused 100%
mortality on first instar of Ae. aegypti after 24 h exposure (Gopinath et al. 2015).

Bismuth oxyiodide (BiOI) nanoflakes synthesized using the hydrothermal
method exhibited insecticidal activity against A. stephensi showing LCs, values of
2.263 ppm (larva I), 3.414 ppm (larva II), 4.956 ppm (larva III), 6.983 ppm (larva
IV), and 8.605 ppm (pupae) (Murugan et al. 2018b).

8 Insecticide Contamination and Non-target Organisms

As mentioned above, the widespread use of insecticides is one of the reasons of
environmental pollution, especially waters and soils, which has negative effects on
non-target organisms including, inter alia, beneficial insects (pollinators or harmful
insect predators). This has the effect of disturbing the ecosystem balance and is
associated with a strong decline in the number of insect species (Kiinast et al. 2013;
Sanchez-Bayo 2012; Sanchez-Bayo and Wyckhuys 2019; Zacharia 2011).

Although the application of nanoformulated insecticides generally results in
lower amounts of toxic chemicals entering the environment, in some cases even
these lower concentrations are sufficient to cause harm to non-target organisms.
Since the number of papers dealing with the effects of nanoinsecticides on non-
target organisms is far from the number that focuses on the impact of their bulk
form, a few examples of the effects of selected frequently used toxic insecticides are
given below.

Although novel generation of insecticides show improved human and environ-
mental safety profiles compared to older insecticide generations, it is necessary to
perform comprehensive risk assessments considering effects of insecticides on non-
target species (Guedes et al. 2016). Predictive ecotoxicology based on systematic,
strict characterization of physiological mechanisms of action enabling more
impressive extrapolation of in vitro to in vivo toxicity and in silico ecotoxicology



200 J. Jampilek et al.

will allow to assess the impact of untested chemicals on environmental organisms
(Ashauer and Jager 2018).

Increasing pesticide contamination has adverse impact on regional aquatic biodi-
versity, causing ca 30% reduction of macroinvertebrate family richness at pesticide
levels corresponding to legally accepted regulatory threshold levels. Thus, insecti-
cides applied in agriculture endanger surface waters globally, because measured
insecticide concentrations often exceeded the regulatory threshold levels for either
surface water or sediments, which was observed mainly for newer-generation insec-
ticides such as pyrethroids also in countries with stringent environmental regula-
tions. Consequently, it is indispensable to improve the current pesticide regulations
and agricultural pesticide application practices in global scale (Stehle and
Schulz 2015).

The use of agricultural land is considered as a principal contributor of pesticides
in streams. Szoecs et al. (2017) reported that regulatory acceptable concentrations
were exceeded in 26% of streams, and the highest increases were observed for neo-
nicotinoid insecticides.

Based on a meta-analysis of 32 important insecticides and their degradation
products in United States surface waters in the period 1962-2017 Wolfram et al.
(2018) was found that about half of the measured insecticide concentrations
exceeded their regulatory threshold levels, whereby the overload decreased in the
following order: pyrethroids > organophosphates ~ carbamates > organochlorines,
and the persistence of neonicotinoids in surface waters contributes to higher risk for
biodiversity and endangered species (Wolfram et al. 2018).

In juveniles of the teleost Prochilodus lineatus an exposure to 5-500 ng/l A-CHT
using a commercial formulation containing this pyrethroid insecticide as an active
ingredient caused specific modifications in biotransformation enzymes, and oxida-
tive stress, hematological adjustments, osmoregulatory disorders, and DNA damage
were observed as well. Decreased AChE activity in the muscles of fish at all tested
concentrations, and decreases in Ca** and Mg** gill ATPases resulting in hypocalce-
mia were estimated, while at a dose 500 ng/l the activity of Na*/K* ATPase increased
(Vieira and Martinez 2018). Permethrin was reported to induce oxidative stress and
neurotoxic effects connected with drastic depletion of AChE activity in the freshwa-
ter beetle Laccophilus minutus belonging to predatory aquatic beetles, that represent
important components of the aquatic food webs (Touaylia et al. 2019). The encapsu-
lated y-CHT showing average hydrodynamic diameter of 449 nm was found to be
more toxic to a freshwater macroinvertebrate Ceriodaphnia dubia than free insecti-
cide or its encapsulated form with hydrodynamic diameter of 758 nm, which was
reflected in ECs, values of 0.18, 0.57, and 0.65 pg/l, respectively, estimated in an
acute immobilization test. The results showed that the properties of insecticidal for-
mulations such as particle size could pronouncedly influence the effects on non-
target organisms as well (Slattery et al. 2019). The fate of pyrethroid insecticide
bifenthrin, an endocrine disrupting compound, in the environment and biological
systems and the toxic effects of the chiral parent compound bifenthrin as well as its
main metabolites, including sublethal toxic effects on various non-target organisms
were summarized by Yang et al. (2018). Bifenthrin and cypermethrin could be con-
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sidered as the crucial contributors to toxicity in benthic invertebrates and their simu-
lated hazard quotients for sediment-associated pyrethroids to benthic organisms
ranged from 10.5 + 31.1 (bifenthrin) to 41.7 + 204 (cypermethrin) (Li et al. 2017).
Rogers et al. (2016) found that bifenthrin caused trophic cascade and modified insect
emergence in mesocosms. Reduced larval macroinvertebrate abundance, richness,
and biomass were observed with ECs, values ranging from 197.6 to 233.5 ng
bifenthrin/g organic carbon and a decrease of macroinvertebrate scrapers resulted in
increased periphyton abundance. Exposure of freshwater mussels Unio ravoisieri to
permethrin concentration of 50 pg/l during 7 days resulted in pronounced increase in
catalase activity, while at treatment with 100 pg/l catalase activity decreased.
Glutathione S-transferase activity and malondialdehyde levels were increased with
increasing permethrin concentration suggesting oxidative stress; 51 and 89% inhibi-
tion of AChE activity of mussels was observed at exposure to 50 and 100 pg/l of the
insecticide (Khazri et al. 2017). Wieczorek et al. (2018) investigated structural and
functional effects of a short-term pyrethroid pulse exposure on invertebrates in out-
door stream mesocosms using etofenprox insecticide. They found that a 6 h pulse
exposure to 5.3 pg/l etofenprox was able to cause negative effects up to 100% at the
individual and population level and resulted in community structure alterations.
Moreover, ca. 2 order lower etofenprox concentration (0.04 pg/l) decreased the
abundance of the mayfly Cloeon simile by 66% and the feeding rate of Asellus
aquaticus by 44%. Molecular mechanisms of pyrethroid biotransformation and
endocrine toxicity of different pyrethroid types to fishes were discussed by Brander
et al. (2016).

The impact of the neonicotinoid IMI alone and in the mixture with PEG-600 on
Japanese quails was investigated by Rawi et al. (2019), and it was found that the
LDs, value related to mortality 24 h after oral administration was 15.98 mg/kg for
the mixture of the insecticide with PEG, while for IMI alone it was 17.02 mg/kg. A
single dose of IMI or IMI + PEG with concentrations corresponding to a quarter of
LDs, value strongly affected the activity of plasma AChE and brain monoamines
transmitters, the maximal inhibition being observed 72 h after exposure, whereby
PEG-adjuvant contributed to enhanced toxic effect. While a mixture of IMI + PEG
more strongly affected dopamine alterations, treatment with IMI alone was more
effective in inducing changes in serotonin (5-HT). Moreover, treatment with IMI,
applied alone as well as in combination with PEG, resulted in neural congestion,
neuronal degeneration, pyknosis, and perivascular cuffing with glial cells. Acute
contact toxicity of IMI to Apis mellifera is caused by much faster and more readily
penetration of bee cuticule resulting in its higher steady-state internal body concen-
trations compared to TCP and ACP (Zaworra et al. 2019). Investigation of the
response of estuarine invertebrates to IMI following field applications in Willapa
Bay using principal response curve (PRC) analysis showed negative impact of insec-
ticide application only on five assemblages of mollusks and one assemblage of crus-
taceans, which could be connected with low concentrations of insecticide and short
period of exposure, eventually with low toxicological susceptibility to IMI for many
taxa (Booth et al. 2019). The effect of the IMI, TCP, and clothianidin on the indi-
vidual immunocompetence of Apis mellifera L. could impair disease resistance
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capacity (Brandt et al. 2016). The risks of neonicotinoids for pollinators such as
honey bees, bumble bees, and solitary bees were summarized in a comprehensive
overview by Blacquiere et al. (2012). Raby et al. (2018) estimated and compared the
acute (48- or 96-h) toxicity of 6 neonicotinoids (ACP, clothianidin, dinotefuran, IMI,
TCP, and TMX) to aquatic invertebrates of 10 aquatic arthropod orders. The most
susceptible invertebrates were insects from the orders Ephemeroptera (Neocloeon
triangulifer) and Diptera (Chironomus dilutus), while the least sensitivity showed
cladocerans (Daphnia magna, Ceriodaphnia dubia). Considering fifth percentile
hazard concentrations the tested neonicotinoids except IMI did not represent hazard
in terms of acute toxicity to aquatic communities in Ontario freshwater streams.
Pollinators and aquatic insects were found to be extremely sensitive to the treatments
with neonicotinoids, chronic sublethal effects being more prevalent than acute toxic-
ity (Hladik et al. 2018). Neonicotinoids clothianidin and TMX were found to have
negative impact on the colonization of invertebrate populations in aquatic micro-
cosms at field-realistic levels, TMX being more toxic. Adverse effects of both insec-
ticides on populations of Chironomids (Diptera) and Ostracoda were estimated,
while clothianidin at the tested doses 0—15 ppb doses showed any unfavorable effect
on Culicidae. Reduction of the invertebrates populations in ephemeral ponds
observed at realistic concentrations of neonicotinoids could affect food chain as well
(Basley and Goulson 2018). In the full life-cycle toxicity tests using Chironomus
dilutus the toxicities of 3 neonicotinoids: IMI, clothianidin, and TMX were com-
pared. The estimated 14/40 d median lethal concentrations were 1.52/0.39 g/1 (IMI),
2.41/0.28 g/l (clothianidin), and 23.60/4.13 g/1 (TMX), respectively. Based on pop-
ulation-relevant endpoints and toxic equivalency factors was found that IMI and
clothianidin exhibited similar chronic toxicity to C. dilutus, while to achieve compa-
rable effects ca tenfold higher TMX concentrations were necessary, which could be
connected with readily degradation of TMX compared to clothianidin under field
conditions (Cavallaro et al. 2017). Comparative mammalian hazards of neonicoti-
noid insecticides among exposure durations with initial thresholds of toxicological
concern derived for rat, dog, mouse, and rabbit under comparative experimental sce-
narios were presented by Wang et al. (2019c).

Based on the hypothesis that improved pesticide tolerance is connected with the
generalized stressor response in organisms and could be induced as a response to
sublethal exposure to natural and anthropogenic stressors, Jones et al. (2017)
exposed larval wood frogs (Lithobates sylvaticus) to carbaryl (0.5 or 1.0 mg/l) and
predator cue (Anax spp.) and using time-to-death assays studied their tolerance to a
lethal carbaryl concentration. Estimated carbaryl tolerance observed in tadpoles
exposed to concentration 0.5 mg/l and also in tadpoles exposed to predator cues
confirmed the above mentioned hypothesis of the researchers. Exposure of honey
bees to wettable powder of carbamate insecticide carbaryl under semi-field condi-
tion showed toxic effect of the insecticide on bees and affected their gut microbial
community (Nogrado et al. 2019). Carbaryl encapsulated in waxy microspheres
(15.8-19.8 pm) showing controlled release and exhibiting lower vertical mobility
compared to the vertical mobility of the technical-grade product were reported to
represent lower potential risk for contamination of groundwater (Quaglia et al. 2001).
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Comparison of the toxicity of formulations based on chitin synthesis inhibitor
diflubenzuron (DFB) or on OPI temephos, usually used as a larvicides to control Ae.
aegypti, against freshwater fishes Oreochromis niloticus and Hyphessobrycon eques
showed that DFB still induced mortality and tissue damage in fishes and its formu-
lation was able to reduce body weight of H. eques at concentrations 272-fold lower
than its LCs,. DFB caused edemas and aneurisms on gills, and hepatocyte hypertro-
phy and vascular congestion of the liver in O. niloticus. On the other hand, pyknotic
nuclei, which may result in irreversible necrosis, were induced also by TMP-based
formulation (Abe et al. 2019). Hyalella curvispina (Amphipoda) was found to be
pronouncedly sensitive to CPF (more than some other crustacean species), which
was reflected in 48 h LCs, value of 0.38 + 0.04 g/l and because in stream waters CPF
concentrations exceeding that of 48 h LCs, value were estimated, adverse effects of
insecticide on this organism could be demonstrated (Solis et al. 2019).
Ecotoxicological assessment of the impact of synthetic insecticides, CPF, cyperme-
thrin, and their combination with a bioinsecticide, azadirachtin, showed that 45 days
post application the microbial community structure of the insecticide-treated soil
resembled in only 70% to control rhizospheric soil; however, the effects of biopes-
ticide were comparable with those of synthetic insecticides (Walvekar et al. 2017).
Tran et al. (2019) investigated the effects of treatment with CPF combined with
warming within and across generations on antipredator behavior of Cx. pipiens lar-
vae. Stronger reduction of diving time was observed at 20 °C compared to 24 °C,
except in the offspring whose parents had been exposed to 24 °C. However, at com-
bined exposure to insecticide and warming, reduction of escape diving time was
observed within each generation and, thus, the larvae become more susceptible to
predation. Organophosphate pesticide malathion strongly reduced the abundance of
total zooplankton, cyclopoid copepods, copepod nauplii, and Ceriodaphnia, while
increased the abundance of rotifers suggesting that contamination of aquatic eco-
systems with this insecticide could affect the abundance and composition of zoo-
plankton communities (Smith et al. 2018).

9 Conclusion

Insecticides are increasingly used in agriculture in order to achieve higher crop
yield and to kill harmful insects such as mosquitoes, which cause dangerous dis-
eases such as malaria, threatening human population. Since 2000, the average
annual number of human deaths caused by the mosquitoes were approx. two mil-
lion. Numerous quarantine insect pests cause pronounced damages to the produc-
tion of economically important crops as well as during their storage, and could
adversely affect also human health. Moreover, climate change support an expansion
of exotic insects that are needed to be effectively destroyed using selective insecti-
cides that target these specific pest species. The overuse of insecticides frequently
results in the development of the resistance of insects to synthetic insecticides. For
example, the resistance of mosquitoes to pyrethroids and DDT caused by a single
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genetic mutation is already spreading in mosquito populations. On the other hand,
the overuse of insecticides has adverse impact on the environment, the overall state
of important agricultural crops and animals, and, consequently, human health.
Although modern insecticides are much more gentle, their overuse can result in
water and soil infestations leading to a decline or even eradication of beneficial
insects such as pollinators and in adverse impact on non-target organisms, causing
sometimes also health complications of the human population. The globally esti-
mated dramatic decline of insect species due to anthropogenic activities requires
immediate precautions, including the rational use of insecticides. In general, natural
(bio)insecticides are less toxic (including toxicity to mammalians), less persistent,
and could be degraded more rapidly than synthetic insecticides, and their use is con-
nected with a low risk of developing resistance in long-term usage; therefore, they
are preferred over synthetic agents. Using insecticide nanoformulations character-
ized with targeted distribution, controlled release, increased efficacy, and thus lower
doses of the active ingredient, the environmental and health risks of insecticides
could be significantly reduced. Despite the significant innovations and advances
achieved in the fabrication of nanoscaled insecticides, it is important not to forget
that nanoparticles themselves are toxic to living organisms because their nanodi-
mension enables them to interact with native macromolecules. Therefore, it is
important to know in detail possible toxic impacts of nanoinsecticides not only on
target organisms, but above all on non-target organisms as well as their behavior in
water and soil (persistence or degradation to more toxic metabolites), so that the
innovative helper does not become a “nightmare” of the entire Earth’s ecosystems.
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